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1. Introduction

1.1 Background

Nowadays, the world around us is increasingly global and networked. Ma-

jor enablers of this development are efficient and well-performing commu-

nications networks, and the amount of wireless communications is con-

stantly increasing. Examples of this include the use of handsets and wire-

less local area network (WLAN) services, and also that of various wireless

sensing systems.

A major change or development that has taken place, and will also oc-

cur even more prominently in the future, is a significant increase in both

the number of networked devices with wireless connectivity and in the

amount of data that is transferred wirelessly. Mobile devices of previous

generations used voice and text as the main means of communications,

and consequently, the resulting overall data transfer was at a moderate,

even low, level. In comparison, the smartphone and tablet devices of to-

day are used in increasing amounts for various data-hungry applications,

such as web browsing and live video streaming. This development and the

resulting communications requirements place constraints and challenges

for both network and antenna designers.

One topic that has become something of a buzzword in the wireless

community is the coming fifth-generation (5G) communications systems,

which are expected to be launched around 2020 [1–3]. Sometimes, these

systems are also referred to as Internet of Things (IoT), or even “Internet

of Everything”. Some of the new features in these networks include the

use of higher data rates and operating frequencies, and also a dramatic in-

crease in the number of connected devices. As an example, devices such as

future domestic appliances (refrigerators, washing machines, or TV sets)
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are envisioned to feature wireless connectivity. In term of volumes, this

might translate to several billions of new ’users’ crowding the networks.

Despite an ever-increasing desire for more data traffic occurring simul-

taneously, faster, and for a larger amount of users, wireless communica-

tions is restricted by the availability of a fundamental ’natural resource’:

radio-frequency spectrum. All radio systems that are used must coexist

with each other in certain frequency ranges or channels, exact frequencies

of which depend in part on the system, and in part on frequency alloca-

tions in different parts of the world. A somewhat analogous situation to

dealing with an increasingly crowded spectrum is coping with traffic vol-

umes on the motorways. In order to accommodate more vehicles on the

road, new lanes and other means of controlling the traffic flow are needed.

In the wireless world, utilising the electromagnetic equivalent of lanes

— new frequencies and frequency bands — can only go so far. Limi-

tations of spectrum availability have forced designers and engineers to

develop more efficient techniques for using the spectrum, such as full-

duplex (FDx) technologies that theoretically allow doubling the data rate

by utilising the same frequency in transmission and reception (see, e.g.,

[4]). Other possibilities include the use of Multiple-Input Multiple-Output

(MIMO) technology, in which several antennas are used to transmit and/or

receive data at the same frequency band or different bands, and Carrier

Aggregation (CA) technology utilising several narrow frequency channels

across designated bands for enhanced communications.

Wireless technologies are not only used for communications. Another

important area, whose global significance is also constantly increasing, is

the use of wireless sensing. Examples of areas in which this technology is

utilised include tracking of assets, objects and livestock, various medical

applications, and obtaining information on different quantities or param-

eters of objects to which sensors are connected. Depending on the partic-

ular implementation, various technologies can be used. For the general

public, one of the best-known technologies is radio-frequency identifica-

tion (RFID) tags. By placing these tags on an object, information from the

tag can be read wirelessly across a distance without physical contact to

the target.

In all of the previously discussed cases, and in any wireless system, a

device of fundamental importance for achieving efficient performance is

an antenna [5–7]. The dimensions of devices used in typical applications,

such as handsets, are such that the antennas used are physically rather
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small. For the operation of these antennas at the desired frequencies, a

rather unfortunate consequence is that the electrical size of the antenna

also becomes small. An electrically small antenna has physical dimen-

sions that are small compared to the wavelength: an antenna is defined

to be electrically small if it can be enclosed inside a sphere with radius

smaller than λ0/2π, in which λ0 is the wavelength in free space [8]. Sub-

sequently in this thesis, the term ’small antenna’ refers to an antenna

that is electrically small. A well-known “rule of thumb” regarding small

antennas is that they can have good simultaneous performance with re-

spect to two of the following quantities: size, bandwidth, and efficiency.

Designers of small antennas have to properly take this issue into account.

Even though the previous might seem to warn against the use of elec-

trically small antennas, they are still among the first antennas ever used.

Indeed, during the days of Marconi and other pioneers of radio engineer-

ing, the antennas that were used were physically large (due to low fre-

quencies), but electrically — compared to the wavelength — they were

still small. In some situations, the concept of infinite ground plane con-

siderably simplifies calculations. In Marconi’s time, the ground plane was,

for all practical purposes, infinite, as this part was played by planet Earth.

1.2 Objective of this work

The general framework of this thesis studies wireless connectivity and

communications from the point of view of antenna design. Two main ap-

plication areas for the antennas are considered, namely wireless sensors

and handsets. The first approach considers the analysis and modelling

of the properties and performance of a particular type of wireless sensor,

the so-called harmonic transponder. The second part looks at antennas

for handset applications, including bendable mobile devices, and at devel-

oping well-performing multi-antenna (MIMO) solutions using antennas

with closely-located radiating elements.

1.3 Contents and organisation of the thesis

This thesis consists of an overview and nine publications [I]–[IX], and it is

organised as follows. Chapter 2 presents an overview of wireless sensors,

and provides a detailed analysis on the design and modelling of harmonic
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transponders [I]–[IV]. In Chapter 3, the suitability of conformal antennas

for wireless sensing and handset applications is investigated [V]–[VII].

Chapter 4 discusses the challenges of current and future handset antenna

implementations, and presents novel design solutions to overcome some

of these challenges [VIII]–[IX].

1.4 Main scientific merits

The main scientific merits of the thesis are as follows:

1. Analysis, design, and modelling of harmonic transponders, wireless

sensors operating at two harmonically spaced frequencies, are per-

formed theoretically, computationally, and experimentally. Two dif-

ferent ways of matching the transponder antennas to typical, com-

plex load impedances at harmonically-spaced frequencies are pre-

sented [I]–[V].

2. Investigation on the suitability of harmonic transponders to confor-

mal applications. Effects of the intended usage environment such

as material parameters have to be taken into account in the trans-

ponder design to maintain good performance at harmonically-spaced

frequencies [V].

3. Analysis, design, and modelling of handset antenna structures for

bendable applications. Theoretical understanding of changes in the

operation of a Capacitive Coupling Element (CCE) handset antenna,

and a case study of utilising such antennas in wrist-worn applica-

tions are presented [VI]–[VII].

4. Design and implementation of a novel, efficient LTE handset an-

tenna utilising a combination of active and parasitic antenna ele-

ments. By placing the radiators around or above the edges of the

device, very good performance is achieved also at the low band with

a fully passive implementation [VIII].

5. Design and experimental verification of a two-element LTE MIMO

handset antenna with a novel Combined Parasitic-coupled Aperture-

Matched (CPAM) main antenna and conventional CCE diversity an-

tenna. The design has low- and high-band MIMO with good per-

formance, and the design is CA compatible due to a fully passive

matching implementation to cover both the low and high bands [IX].
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2. Harmonic Radar and Transponders

The use of wireless communications for sensing and detecting different

objects is gaining more and more attention, even though some of the basic

building-block technologies have been used for a long time. One early im-

plementation is the use of radio detection and ranging (radar) for tracking

objects such as aeroplanes, and these systems date back to radar imple-

mentations such as the British Chain Home radar system during World

War II. In most of the conventional radar applications, the transmitter

transmits a signal, and the direction and time of arrival of the reflected

or return signal provide an estimate of the direction and distance of the

object being tracked.

This chapter presents general theory and basic principles of wireless

sensors and harmonic radar in Sections 2.1 and 2.2, and explains the the-

oretical and experimental work performed on harmonic transponders in

Sections 2.3 and 2.4. This type of sensor is sometimes also called har-

monic RFID (e.g., in [9]). The performance and ease of implementation is

considered for transponders based on different techniques to achieve the

desired operating frequencies, and comparisons are made in Section 2.5.

2.1 General information on wireless sensors

Depending on the intended application and communication principle, dif-

ferent types of wireless sensors can be utilised. One well-known com-

mercial example is the use of RFID tags, which are typically inexpensive,

produced in large quantities, and allow positioning or obtaining other in-

formation of the object onto which the tag is placed [10–13].

In addition to the technique or method used for communication, wireless

sensors can be categorised based on their power supply. Three main cate-

gories can be identified: active, semi-passive, and passive sensors. Each of



Harmonic Radar and Transponders

these sensor types has its own benefits and drawbacks. Generally, using a

sensor with an internal battery tends to increase the size, complexity and

cost of the sensor. Additionally, active implementations are limited by

battery lifetime, and the presence of the battery may also prevent using

the sensor in certain applications. Compared to active sensors that use

their own battery to run an active radio transmitter, semi-passive sensors

communicate back to the reader without external power. Even though

these sensors also have a battery, it is used to operate, e.g., the memory of

the chip, not for communications.

The current work considers wireless sensors that are fully passive. This

means that they gather all of the energy required for their operation from

the ambient electromagnetic fields, namely from the interrogation signal

used to detect the sensor. Thus, fully passive sensors do not include any

battery or other external power supply. Compared to active sensors, pas-

sive ones are simpler and more reliable, but the power levels required

for obtaining a response from the sensor can limit the achievable read-out

range [10]. In some cases, simplifying the sensor design may also limit the

level of specificity with which sensing information can be obtained [14].

A common feature shared by all forms of wireless sensing is that the

sensor, tag, or transponder is interrogated by a reader device (transmit or

Tx signal), and in the case of successful interrogation, the reader receives

a signal (receive or Rx signal) from the object under study. With different

systems and communications schemes, the exact frequencies used vary,

but typically both the Tx and Rx signals are located within a certain,

continuous frequency band. For instance, the operating band specified

for RFID systems is 865–870 MHz and 902–920 MHz in Europe and in

the U.S., respectively [15,16].

2.2 Theory and applications of harmonic radar

For conventional wireless sensors, utilising the same frequency band for

transmission and reception can cause challenges for reliable detection in

certain types of environments. For instance, if the sensor or radar is used

in a location having strong environmental clutter, it may be complicated

to distinguish between signals arriving from the actual target and those

simply reflecting from the environment.

One solution to this issue is to use transmit and receive signals at dif-

ferent frequencies in such a way that these frequencies have a particular
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Figure 2.1. Simplified, schematic representation of wireless sensing based on linear and
nonlinear communications. Modified from [17].

dependency. Harmonic radar is based on this approach, and it has Tx and

Rx signals that are harmonic, integer multiples of each other. Figure 2.1

illustrates this concept on a general level, and also provides a compar-

ison to regular, linear radar. Due to the harmonically-spaced operating

frequencies, a signal picked up at the expected harmonic multiple of the

original interrogation signal is more probably caused by the object rather

than by environmental reflections. At typical power levels used in wire-

less sensing, most natural and man-made objects can be considered lin-

ear, and they therefore do not convert the fundamental-frequency signal

to higher-order harmonics.

The concept of harmonic radar was first introduced in [18], and many

applications use a fundamental frequency (f0) and the second harmonic

frequency (2f0) [19]. Some works, such as [20,21], consider the use of the

third harmonic frequency (3f0) in UHF RFID applications. The predomi-

nant use of the second harmonic is mainly due to three facts: 1) existing

frequency regulations, 2) at smaller harmonics, the transponder response

is less power-dependent (conversion loss tends to grow exponentially as

the harmonic index n increases), and 3) path loss increases with frequency

(consequently, the read-out distance may decrease).

Harmonic radar is a special case of the more general nonlinear radar,

in which two closely-located frequencies f1 and f2 are transmitted, and

nonlinearities in the object or transponder create a response signal at an
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intermodulation frequency (e.g., 2f1 − f2) [22,23]. In some literature, this

kind of radar is also called harmonic. Due to the closeness of f1 and f2, the

response signal is also in their vicinity. This makes complying with exist-

ing frequency allocations easier than in the case of purely harmonic radar.

The same principle of generating intermodulation signals is utilised in

intermodulation-based wireless sensors, as explained in, e.g., [24].

Generation of the harmonic frequencies in the transponder relates to

the more general phenomenon of nonlinearity. If a system or device is

fully linear, its response is additive and homogeneous. This means that

the output of a linear system is the sum of the input signal(s), possibly

scaled by a constant (amplification/attenuation). In terms of frequencies,

the output signal of a linear system contains exactly the same frequency

components as the original input signal. At sufficiently high power levels,

or with devices whose operation is based on nonlinearity (such as mixers),

the nonlinearities create new frequencies to the output signal that did not

exist in the input signal.

A general overview of harmonic transponders and their implementa-

tions can be found in, e.g., [17]. Examples of applications in which har-

monic transponders have been utilised include tracking of flying and walk-

ing insects [25,26] and detection of avalanche victims [27]. Harmonic and

nonlinear radar has also been applied for studying the corrosion of steel

reinforcements in concrete structures [28], as these are also capable of

producing a nonlinear response to the incident signal. In [29], the imple-

mentation of a gas sensor using carbon nanotubes and harmonic radar

has been investigated.

Operating frequencies in harmonic radar applications vary, and typi-

cally, three major frequency ranges are used. The first one operates at

a fundamental frequency of 0.917 GHz, and it is based on the RECCO

avalanche detector [27]. Another, maritime radar-based technology uses

fundamental frequencies around 9.4 GHz (e.g., [25, 26, 30]). The unli-

censed Industrial, Scientific, and Medical (ISM) band is used in the third

approach, and this type of transponder has fundamental frequencies at

2.4, 5.8, or 5.9 GHz (e.g. [31,32]). Some studies, such as [33] have also con-

sidered harmonic transponders for millimetre-wave frequencies, which

are generally not used for this purpose. One main reason is higher path

loss, which will reduce the read-out range of high-frequency transponders.
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Figure 2.2. Equivalent circuit representation for an antenna connected to a Schottky
diode. Taken from [I] ( c© 2015 IEEE).

2.2.1 Expression for the harmonic response

To describe the performance and response obtainable from a harmonic

transponder, let us first consider the equivalent circuit model illustrated

in Figure 2.2, which shows an antenna connected to a Schottky diode.

A small-signal representation is used for the diode, and the antenna is

represented with a Thévenin equivalent circuit. The antenna impedance

is expressed as Za = Ra + jXa, where Ra = Rrad + Rloss consists of ra-

diation and loss resistance, respectively, and Xa represents the antenna

reactance. This formulation does not make any assumptions on the way

in which matching is implemented, and for the case of having an external

matching circuit, its impedance can be included in Za.

For the Schottky diode, the circuit model includes a series inductance Ls,

a parasitic capacitance Cp, a series resistance Rs, a small-signal junction

capacitance Cj0, and a current source. The diode packaging and its effects

are modelled with the terms Ls and Cp [34].

A very important property of the harmonic transponder related to its

practical implementation and utilisation is the amount of backscattered

power the transponder is able to generate. Operating at two distinct fre-

quencies, the transponder scatters back towards the reader device a signal

that has been converted in the transponder from f0 to 2f0. In this work,

the backscattered signal (power) is referred to as harmonic response, and

it represents the signal received by the reader device. This quantity takes

into account both the converted power scattered by the transponder and

additional path loss due to the read-out distance.

The circuit model in Figure 2.2 is utilised in [I] and [III] to determine

the harmonic response generated by a given combination of antenna and

diode. These works derive and analyse an expression for the harmonic
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response, which is given as

Pr,2ω0 = 16P 2
in|F1F2F3F4|, (2.1)

where

F1 =

(
Zj,ω0

Rs,ω0 + Zj,ω0

)4
(

Z ′
d,ω0

Z ′
a,ω0

+ Z ′
d,ω0

)4

F2 =

(
Zj,2ω0

Rs,2ω0 + Zj,2ω0

)2
(

Z ′
d,2ω0

Z ′
a,2ω0

+ Z ′
d,2ω0

)2

F3 = η4ω0
R2

a,ω0
η22ω0

R2
a,2ω0

F4 =

(
ω0Cj0γ

2Φ
− jα

4Rj

)2

.

Here, the junction impedance is expressed as Zj = (jωCj0 + 1/Rj)
−1, and

the following expressions are used to simplify the above notations: Z ′
a =

Za+ jωLs and (Z ′
d)

−1 = jωCp+(Rs + Zj)
−1. These follow the notation used

in Figure 2.2 as well as in [I] and [III].

The above equation has been derived under small-signal conditions, and

the calculation has been done in three parts. First, we determine the sig-

nal going from antenna to diode at f0. Then, the diode provides frequency

conversion from f0 to 2f0, and we calculate the (frequency-)modulated

currents resulting from this conversion. In the third and final stage, the

signal provided to the antenna by an equivalent current source at 2f0 is

calculated to get the actual harmonic signal transferred from the diode

back to the antenna. Furthermore, it is assumed that the junction cur-

rent and capacitance of the diode are

Ij (Vj) = Is
(
eαVj − 1

)
+

d

dt
Qj (Vj) (2.2)

and

Cj =
Cj0(

1− Vj

Φ

)γ , (2.3)

respectively. Here, Qj (Vj) is the charge stored in the diode junction and Is

is the saturation current.

The terms F1–F4 in Equation (2.1) can be categorised based on what

kind of contribution on the overall response they describe. From them,

a number of important observations can be made. Terms F1–F3 include

all the antenna-related properties of the response, including impedance

matching and radiation efficiency, and the F4 term includes the contribu-

tion of the diode mixing properties.
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As can be seen in expressions F1–F3, the terms related to f0 have a

greater impact on the overall harmonic response than those related to 2f0,

as the f0 and 2f0 terms are proportional to the fourth and second power,

respectively. This is true both matching and efficiency-wise, implying that

for the overall transponder performance, it is beneficial to aim for as good

a matching (and efficiency) performance at f0 as possible.

The diode mixing properties term F4 has two components: a frequency-

dependent, capacitive nonlinearity (term ω0Cj0γ/2Φ) and a frequency-in-

dependent, resistive nonlinearity (term −jα/4Rj). Different diodes, irre-

spective of whether they are of varactor or detector type, have both types

of nonlinearity. Depending on the frequency, one of them can have a con-

siderably larger value, meaning that at that frequency, either the capaci-

tive or resistive nonlinearity is mainly responsible for the frequency con-

version. When equating the nonlinearity terms, it is possible to determine

a threshold frequency (frc), above and below which it is beneficial to use

a diode with good capacitive or resistive mixing properties, respectively.

This calculation has been performed in [I] assuming parameter values

typical for varactor and detector diodes. Based on the calculations, the

threshold frequency for varactors is frc,var = 1Hz and frc,det = 848MHz

for detector diodes. This means that at frequencies typically utilised for

wireless sensing, such as at the allocated RFID bands and above, suitable

diodes should be chosen based on their capacitive mixing properties.

2.2.2 Figures of merit for the transponder antenna and diode

As is presented in [I], the previously described transponder equivalent-

circuit model can also be utilised to formulate certain figures of merit

(FOM). These describe the suitability of particular antennas (FOMa) and

diodes (FOMd) for a given transponder implementation.

Regarding efficient transponder performance, it is important to be able

to accept as much of the incident power at f0 as possible, to efficiently

convert this power to 2f0, and to scatter back as efficiently as possible

towards the reader device at 2f0. One key parameter that significantly

affects the overall operation of the transponder is impedance matching at

both frequencies.

For the antenna, a figure of merit is obtained by combining all antenna-
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related terms of F1–F4 in Equation (2.1) into the following expression

FOMa =

∣∣∣∣∣∣
(

Z ′
d,ω0

Z ′
a,ω0

+ Z ′
d,ω0

)4

η4ω0
R2

a,ω0

(
Z ′
d,2ω0

Z ′
a,2ω0

+ Z ′
d,2ω0

)2

η22ω0
R2

a,2ω0

∣∣∣∣∣∣ . (2.4)

In this expression, Z ′
d represents all diode-related quantities, and all other

terms describe the properties of the antenna. With the help of the FOMa,

it is possible to investigate and compare the suitability of different an-

tenna structures when using a certain diode. This figure of merit also

allows to see how, e.g., compromises between antenna matching and effi-

ciency affect the overall transponder performance.

Compared to the FOMa parameter, in which all diode-related properties

are reduced to a single term, the opposite is done in the following expres-

sion for the optimal power received by the reader at 2f0

Pr,opt,2ω0 ≈ 16P 2
in ·∣∣∣∣ Zj,ω0

Rs,ω0 + Zj,ω0

∣∣∣∣4
(

Qd,ω0

1 +Qd,ω0/Qa,ω0

)4

�{Z ′
d,ω0

}2︸ ︷︷ ︸
Diode size and parasitics atω0

×

∣∣∣∣ Zj,2ω0

Rs,2ω0 + Zj,2ω0

∣∣∣∣2
(

Qd,2ω0

1 +Qd,2ω0/Qa,2ω0

)2

�{Z ′
d,2ω0

}2︸ ︷︷ ︸
Diode size and parasitics at 2ω0

×

∣∣∣∣ω0Cj0γ

2Φ
− jα

4Rj

∣∣∣∣2︸ ︷︷ ︸
Type of dominant non−linearity

. (2.5)

Assuming that the quality factor of the antenna is limited to Qa, and that

the impedance level of the antenna can be chosen at will, the above ex-

pression depends entirely on the diode properties (except for Qa and the

input power Pin). The figure of merit for the diode becomes FOMd =

Pr,opt,2ω0/16P
2
in. In this case, critical antenna matching is assumed, and

that the diode quality factor Qd = |�{Z ′
d}/�{Z ′

d}| � 1. Under the given

assumptions and conditions, the FOMd term gives information about the

suitability of different diodes for a given antenna design. From a particu-

lar selection of diodes, the one resulting in the largest FOMd value should

be chosen.

2.3 Transponder implementation based on direct matching

Transponders can be designed for various applications, frequencies and

purposes. Depending on the particular implementation, details such as
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shape and materials may vary, but two basic building blocks need to be

found in all transponders:

1. One or more antennas to take care of the communication between

the transponder and transmitter/receiver.

2. A diode or other nonlinear element to provide the necessary fre-

quency multiplication from the fundamental frequency to the re-

quired harmonic.

There are different techniques that can be used to match the antennas at

the desired harmonic frequencies. The first alternative considered here

is based on so-called direct matching. In this approach, the geometrical

details of the antenna are modified in such a way that proper (ideally,

conjugate) matching is obtained at the targeted frequencies without using

dedicated matching circuits or components.

Direct matching is commonly used to implement conventional RFID tag

antennas, both for single- and dual-band applications. Examples of this

can be found in, e.g., [35,36]. As a matching problem, the impedance levels

of regular RFID chips are somewhat comparable to those of typical diodes

used in harmonic transponders. With dual-band RFID tags, the operating

frequencies are not harmonically dependent, which simplifies the design.

Studies carried out within the framework of this thesis investigate both

varactor and detector diodes from Skyworks [37] and Avago (currently

part of Broadcom Ltd) [38].

2.3.1 Designing the transponder antenna

In most applications, an antenna and its impedance bandwidth and match-

ing level are characterised with respect to the common 50-Ω normalisation

impedance. There are, however, some important applications where the

antenna should work well in designs without a 50-Ω impedance level, and

where the desired load impedance is complex and frequency-dependent.

In these cases, taking into account the proper impedance characteristics

at different frequencies is crucial for the operation of the system.

One example of such a system is an RFID tag operating at one or more

frequency bands. In the tag, the antenna is connected to an RFID chip,

whose impedance usually has a fairly small resistance and a large, capac-

itive reactance. Here, smallness of the resistance should be considered

to be proportional to the reactance, as some chips can also have large

(absolute) resistance values [39]. In harmonic transponders, diodes are

29



Harmonic Radar and Transponders

1017.21.5
0.2

63

35

80

29 5

0.2
1

14.7

(a)

(b)

Diode and inductor in parallel

Figure 2.3. (a) Schematic illustration of a harmonic transponder based on direct match-
ing, and (b) photograph of the manufactured transponder. All dimensions are
in millimetres. Taken from [I] ( c© 2015 IEEE).

used instead of RFID chips to generate the required second harmonic fre-

quency. Generally speaking, the diode and chip can be considered to have

somewhat similar impedance characteristics, but the need to have har-

monically spaced operating frequencies makes implementing the required

matching in the transponder design more complicated than in the case of

regular RFID tags.

The harmonic transponder developed in [I] and further analysed in [II]–

[III] is illustrated in Figure 2.3. The starting point for this design was

obtained by modifying an existing 915-MHz RFID antenna of [35] to bet-

ter suit the targeted operation at a fundamental frequency of f0 = 1GHz.

Consequently, the second harmonic frequency is 2f0 = 2GHz. This fre-

quency pair is chosen mainly for demonstration purposes and not to make

the design highly compliant with particular existing frequency regula-

tions. The 1 and 2-GHz frequencies have been applied by other research

groups as well (see, e.g., [40]). The transponder antenna is designed and

simulated using the FDTD-based EM simulator SEMCAD-X [41] and the

FDTD/FIT-based CST Microwave Studio software [42].

In addition to the operating frequencies, also the corresponding diode

impedance ZD = Rd + jXd should be specified as the design goal to, in

the ideal case, conjugately match the antenna (Ra = Rd and Xa = −Xd).
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The antenna design process contains five main steps or components, the

effects of which on the antenna matching are depicted in Figure 2.4. These

design steps are:

1. Implementation of the coupler/radiator at f0 (Step 1).

2. Implementation of the coupler/radiator at 2f0 (Step 2).

3. Adding a parasitic coupler (Step 3).

4. Cutting slots to the antenna (Step 4).

5. Slight lengthening of the meandered structures (Step 5).

When designing a direct-matched transponder, the largest antenna di-

mension is determined by the desired fundamental frequency. In the de-

sign of [I]–[II], the largest component is the meandered-dipole type struc-

ture (Step 1). Within it is situated the radiator responsible for the oper-

ation at 2f0. This is a C-shaped strip (Step 2) that couples inductively to

the meandered dipole. The antenna is fed from the middle of the f0 radi-

ator. In [35], the antenna feed is located in a structure somewhat similar

to the C-shaped radiator, and the meandered section is left untouched.

After the first two steps, the matching levels at f0 and 2f0 are not very

good, as seen in Figure 2.4, and further modifications are therefore per-

formed. In Step 3, an additional, parasitic coupler is placed next to the

meandered dipole. The Smith chart plot of Step 3 in Figure 2.4 shows that

the impedances at the desired frequencies are quite well spaced, and that

they need to be ’rotated’ to the inductive side of the Smith chart. This is

done by cutting slots in the different radiators (Step 4). The effect of the

slots can be modelled as a series inductance [43]. Further fine-tuning to

the two resonance frequencies is done in Step 5 by slightly extending the

open ends of the meandered structure.

Figure 2.5 illustrates the details of the final transponder antenna de-

scribed by Steps 1–5 and presented in [II]. It should be noted that even

though some geometric details of the transponder of Figure 2.5 are differ-

ent from those of Figure 2.3, the fundamental operating principles nev-

ertheless remain the same. The initial transponder design of [I] operates

slightly above 1 and 2 GHz, and the modifications described above help to

nudge the fundamental and second harmonic frequencies more precisely

to the desired ones.

Even though the designed transponder antenna is fully self-resonant,

an additional inductor is placed next to the diode to properly zero-bias

31



Harmonic Radar and Transponders

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Frequency (GHz)

18

15

12

9

6

3

0

R
et

u
rn

lo
ss

(d
B

)

18

15

12

9

6

3

0
R

et
u
rn

lo
ss

(d
B

)

18

15

12

9

6

3

0

R
et

u
rn

lo
ss

(d
B

)

18

15

12

9

6

3

0

R
et

u
rn

lo
ss

(d
B

)

18

15

12

9

6

3

0

R
et

u
rr

n
lo

ss
(d

B
)

0 1
.
0

1
.
0

-
1
.
0

1
0
.
0

10.0

-10
.0

5
.
0

5.
0

-5
.0

2
.
0

2
.
0

-
2
.
0

3
.
0

3
.0

-
3.
0

4
.
0

4.
0

-4
.0

0
.
2

0.
2

-0
.2

0
.
4

0.
4

-0
.4

0
.
6

0
.
6

-
0
.
6

0
.
8

0
.
8

-
0
.
8

0 1
.
0

1
.
0

-
1
.
0

1
0
.
0

10.0

-10
.0

5
.
0

5.
0

-5
.0

2
.
0

2
.
0

-
2
.
0

3
.
0

3
.0

-
3.
0

4
.
0

4.
0

-4
.0

0
.
2

0.
2

-0
.2

0
.
4

0.
4

-0
.4

0
.
6

0
.
6

-
0
.
6

0
.
8

0
.
8

-
0
.
8

0 1
.
0

1
.
0

-
1
.
0

1
0
.
0

10.0

-10
.0

5
.
0

5.
0

-5
.0

2
.
0

2
.
0

-
2
.
0

3
.
0

3
.0

-
3.
0

4
.
0

4.
0

-4
.0

0
.
2

0.
2

-0
.2

0
.
4

0.
4

-0
.4

0
.
6

0
.
6

-
0
.
6

0
.
8

0
.
8

-
0
.
8

0 1
.
0

1
.
0

-
1
.
0

1
0
.
0

10.0

-10
.0

5
.
0

5.
0

-5
.0

2
.
0

2
.
0

-
2
.
0

3
.
0

3
.0

-
3.
0

4
.
0

4.
0

-4
.0

0
.
2

0.
2

-0
.2

0
.
4

0.
4

-0
.4

0
.
6

0
.
6

-
0
.
6

0
.
8

0
.
8

-
0
.
8

0 1
.
0

1
.
0

-
1
.
0

1
0
.
0

10.0

-10
.0

5
.
0

5.
0

-5
.0

2
.
0

2
.
0

-
2
.
0

3
.
0

3
.0

-
3.
0

4
.
0

4.
0

-4
.0

0
.
2

0.
2

-0
.2

0
.
4

0.
4

-0
.4

0
.
6

0
.
6

-
0
.
6

0
.
8

0
.
8

-
0
.
8

1 GHz

2 GHz

Diode

Step 2

Step 3

Step 4

Step 5

Step 1

Antenna (ideal)
Antenna (sim.)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Frequency (GHz)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Frequency (GHz)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Frequency (GHz)

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Frequency (GHz)

Figure 2.4. An illustration of the different, principal design steps of the direct-matched
transponder of [I]–[II]. Taken from [II] ( c© 2015 IEEE).
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Figure 2.5. An illustration of the harmonic transponder following the design process
of Figure 2.4. All dimensions are in millimetres. Taken from [II] ( c© 2015
IEEE).
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it. In principle, the required inductance could also be implemented as a

distributed component, much in the same way as the various capacitive

and inductive modifications carried out during the antenna design. In

practice, though, using a lumped component is a more straightforward

approach, and it is also used later in Section 2.4 when implementing a

transponder with an external matching circuit.

2.3.2 Characterisation of transponder performance

In the works of [I]–[II], the performance of the proposed transponder is

investigated experimentally. This is done both for impedance matching

and harmonic response. The actual manufactured transponder has the

diode and inductor connected to the antenna. However, having these com-

ponents present in the transponder is challenging from the point of view

of measuring the actual antenna impedance. This is mainly related to

the fact that the proposed transponder antenna does not have space for

mounting the measurement cable (especially in the presence of the circuit

components), and also because the cable itself used in the measurement

easily becomes part of the radiating structure. Ways in which the cable

affects the measurements as well as ways of reducing its effects are dis-

cussed in, e.g., [44, 45]. One typical approach is to place a suitable balun

or cap structure on the outer surface of the cable to reduce the surface

currents flowing on it, and thereby also the overall effect of the cable.

One further issue regarding wired measurements is the impedance level

of typical measurement cables and equipment. They usually have a 50-Ω

impedance, which is significantly different from that of the direct-matched

transponder antenna. One possibility, which is utilised in [II] is to mea-

sure the input reflection coefficient of the transponder antenna in the 50-Ω

environment, and to normalise the antenna matching to this impedance

also in simulations. In this measurement, the diode and inductor were not

connected. The antenna impedance could also be determined from mea-

sured backscatter data with the help of three known loads: open circuit,

short circuit, and a known resistance [46].

As can be seen in Figure 2.6, the simulated and measured 50-Ω curves

generally show quite similar characteristics. From this, it can be con-

cluded that the manufactured transponder operates at the desired fre-

quencies also with the actual, complex-impedance load. However, there

are also discrepancies, e.g., in the location of the 50-Ω resonance at the

second harmonic frequency. Potential reasons for this may be the sensi-
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Figure 2.6. Transponder matching with different normalisation impedances. Taken from
[II] ( c© 2015 IEEE).

tivity of the antenna to the orientation of the measurement cable, or the

effect of the connector. These effects were not modelled in the simula-

tions, and the actual measurement was performed without a broadband

balun to mitigate the cable effects. The curves of Figure 2.6 also show

that normalising the reflection coefficient to the correct diode impedance

only at f0 or 2f0 mainly provides information of the matching around that

frequency, and there remains some uncertainty as to the exact position of

the other resonance.

To overcome some of the previous challenges related to characterisa-

tion of wireless sensors and other small antennas, an alternative is to use

contactless measurements. In this approach, the desired antenna prop-

erties are investigated in similar conditions in which the sensors would

actually be used or with the actual load connected to the antenna. Ex-

amples of using this type of technique include studying the radiation pat-

terns and quality of matching of, e.g., RFID tags and harmonic transpon-

ders [47–50].

Figure 2.7 illustrates the harmonic response achieved with the trans-

ponder of Figure 2.3. The response is calculated based on the theoretical

model given in Equation (2.1), and it is also measured in an anechoic

chamber with different propagation distances. In the measurements, the

Tx and Rx are positioned in the same direction, and their distance to the

transponder under study is the same (rTx = rRx). Both calculations and

measurements performed across different distances assume a transmit

power level of +16 dBm. The calculated and measured curves are shown

with respect to the fundamental frequency, and the corresponding sec-

ond harmonic is seen by simple multiplication. Strongest transponder
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response is achieved at the frequencies 1.01/2.02 GHz, which agrees with

the simulated matching results achieved in [I] and illustrated later in Fig-

ure 2.8. Table 2.1 shows the calculated path and conversion losses across

the different measurement distances, as well as the power actually picked

up at the receiver.

When taking into account additional losses (measurement cables, filters,

diode and inductor), the theoretical and measured responses of Figure 2.7

agree well, but especially at frequencies above 1.01 GHz, the measured

power levels exceed the theoretical predictions. One of the reasons for

the difference can be power received from directions other than line of

sight. The theoretical model used in the calculations assumes a ’two-ray’

propagation model, with one incident and one reflected ray, respectively.

In practice, the harmonic signal can also experience multiple reflections,

which can increase the angular range from which power is received. Even

though the measurements were performed in an anechoic chamber, the

power levels involved are relatively low, meaning that small environmen-

tal reflections or power leakage between Tx and Rx can appear in the

measured response. One factor that causes additional uncertainty in the

measurements done in the anechoic chamber is that the 1-GHz fundamen-

tal frequency falls a bit below the specifications of the absorber material

used to line the chamber. The effect of this is most likely small, as the

general agreement between theory and measurements is very good — as

indicated by the curves of Figure 2.7.

An additional metric that is of general interest is the maximum read-

out range of the transponder. The performed experiments did not allow

measuring this, as distances above 5 m become challenging in the avail-

able anechoic chamber. With the currently used set-up, power levels and

so on, one can estimate the read-out range to be around 6–7 m in the ideal

conditions used in the current study.

2.3.3 Transponder operation with different diodes

Above, the harmonic transponder performance was investigated using a

diode to which the antenna impedance is matched. A logical next step

is to consider how this design is suited for or generalises to a case when

the diode impedance changes, i.e., when switching to different diodes. Ta-

ble 2.2 illustrates the impedance calculated for the transponder antenna

of Figure 2.3, and for altogether six different varactor and detector diodes

suitable for operation at this frequency range.
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Figure 2.7. Measured and calculated harmonic response of the direct-matched transpon-
der. Taken from [I] ( c© 2015 IEEE).

Table 2.1. Link budget for the theoretically calculated received power of the direct-
matched transponder at different read-out distances. Taken from [I] ( c© 2015
IEEE).

r Pt,f0 Lpath,f0 Lconv Lpath,2f0 Pr,2f0

(m) (dBm) (dB) (dB) (dB) (dBm)

2 12.4 29.4 12.0 32.7 -61.7

3 12.4 32.9 15.5 36.2 -72.2

4 12.4 35.4 18.0 38.7 -79.7

5 12.4 37.3 19.9 40.7 -85.6

The values of Table 2.2 show that between different diodes, the imped-

ance levels may vary considerably. Of particular importance is to prop-

erly take into account the diode reactance in the matching. It is gener-

ally larger (in absolute values) than the resistance, and is furthermore

frequency-dependent. With sufficient power levels, the nonlinearities in

the diode make its resistance and reactance power-dependent. However,

the calculations and modelling done in [I] and [III] utilise a small-signal

approximation in which the impedance is only frequency-dependent. In

light of the numbers in Table 2.1, this is a sound concept. Consequently,

also the impedances of Table 2.2 assume no dependency on input power.

Figure 2.8 gives the impedance matching obtained with different diodes

and the antenna of Figure 2.3. When looking at the matching curves, it
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Table 2.2. Antenna and diode impedances at the targeted f0 and 2f0 frequencies. The
impedances are calculated under small-signal conditions. Taken from [III] (re-
produced courtesy of The Electromagnetics Academy).

Z (Ω)

Case f0 = 1GHz 2f0 = 2GHz

Antenna 8 + j54 10 + j16

SMV2019 4.5− j69 4.5− j34

SMV1430 2.5− j128 2.5− j64

SMV1231 1.6− j69 1.6− j34

SMV1405 0.64− j60 0.64− j30

HMPS-2820 7− j206 7− j94

HSMS-2860 2.4− j492 2.06− j238

is obvious that without modifications to the original antenna structure,

simply switching to a different diode will be problematic for the trans-

ponder performance. Either the achieved matching levels can be weak

and/or detuned, or the frequencies with good matching are not harmoni-

cally separated. As an example, good matching levels are obtained with

the HMPS-2860 detector diode at 1.2 and 2.2 GHz, but this non-harmonic

frequency pair does not perform well in terms of frequency conversion and

harmonic response.

Calculations on the harmonic response achieved with the different diodes

have been carried out, and the results are given in Figure 2.9. In these

calculations, the distance between the transponder and Tx/Rx is assumed

to be 2 m. Studies performed in [III] investigate the effects of using dif-

ferent diodes only theoretically and using simulations. The curves of

Figures 2.8–2.9 show that both the matching and resulting harmonic re-

sponse are less affected in the case of diodes whose impedance character-

istics resemble those of the ’reference’ SMV2019 case. In cases with de-

tuned matching frequencies, the strongest response occurs near the best-

matched frequency at f0. This agrees with the more significant effect of

the f0 properties described in Section 2.2.1.

As the above results show, the antenna of Figure 2.3 should be modified

to better match it to the impedance levels of diodes other than SMV2019

to improve the performance at the desired frequencies. In principle, this

may appear to be a straightforward impedance matching problem, but in
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Figure 2.9. Calculated harmonic response with different varactor and detector diodes.
Taken from [III] (reproduced courtesy of The Electromagnetics Academy).

practice, altering the antenna design can affect its Q, meaning that the

FOMd ranking of individual diodes can change. As a consequence, some

other diode than the one considered for the modified antenna could be

better in terms of the FOMd. Thus, achieving the most use of the FOMd

quantity might require an iterative approach. Here, the diodes are ini-

tially ranked based on an assumption of Qa, and the antenna design is

implemented for this diode. Then, based on the actual Qa, an updated

ranking can be obtained. In the end, this may lead to a rather cumber-

some design process, and a more practical way may be to just design the

best possible antenna for the diode that stands out in the initial ranking.

38



Harmonic Radar and Transponders

2.4 Transponder implemented using lumped-component matching
circuits

Comparisons made with different diodes and a direct-matched antenna

showed that switching to another diode is problematic, especially if the

transponder response is wanted at a certain level or at particular frequen-

cies. In light of the strongly self-resonant-type matching of the previously

discussed antenna, this might seem an obvious result. An alternative to

direct matching is to use an antenna whose performance is as little de-

pendent on geometric details as possible. This possibility is the subject

of [IV]. With this kind of antenna, a separate matching circuit is used to

create the necessary resonance frequencies.

Considering practical wireless sensing applications, such as RFID tags

in mass production, utilising lumped-component based matching circuits

is typically not a preferred approach. The main limiting factors relate

to cost and challenges in fabrication [51], and each lumped component

placed in the sensor also creates additional losses compared to a simi-

lar direct-matched implementation. However, in spite of the above issues,

implementing the required harmonic frequencies with an external match-

ing circuit instead of using direct matching can be beneficial in terms of

overall design complexity, especially on the antenna side. For this reason,

the suitability and versatility of transponders based on matching circuits

compared to the previously presented direct-matched transponders is in-

vestigated in the following.

2.4.1 Diode selection

On a conceptual level, having an inherent mismatch between the antenna

and diode impedances appears beneficial for utilising external matching

circuits. This is due to the fact that the same antenna geometry may be

suitable for use with several different diodes, provided that differences

between their impedances are such that the diodes can be matched to the

antenna using a circuit of sufficiently moderate complexity.

In the work of [IV], three different diodes are chosen for the study. These

are the SMV2019 and SMV1231 varactor diodes and the HMPS-2820 de-

tector diode previously used in [I] and [III]. Like the previous transpon-

der, also the lumped-component design is intended to operate at 1 and

2 GHz, and the corresponding diode impedances are shown in Table 2.2.

Of the three diodes, the varactors have similar reactances but different
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resistance, and the detector diode impedance differs in both quantities.

Furthermore, the transponder designed in [IV] using the SMV2019 diode

can be compared to the direct-matched design implemented for the same

diode in [I]–[III]. This comparison can be made in a more or less straight-

forward way, even though antenna dimensions of the two transponders

are not exactly the same.

2.4.2 Antenna geometry

Figure 2.10(a) gives an illustration of the general antenna geometry con-

sidered for use in the matching-circuit based transponder, along with a

depiction of the possible matching component locations. The proposed

antenna geometry can be described as solid metal sheet with a slot cut

in the middle. Therefore, the antenna represents something of a thick

dipole, whose inherent resonances (X = 0) are determined by the overall

antenna dimensions and the position of the slot.

During the design process, different antenna dimensions were paramet-

rised to determine a suitable size of the antenna. Even though the pur-

pose here is not to use the antenna geometry for creating the impedance

matching, having such dimensions that do not result in too extreme an-

tenna impedances compared to those of the various diodes is beneficial.

Having extremely different impedance levels would cause challenges to

the matching circuit design, e.g., in terms of required circuit complexity.

The length and width of the antenna, as well as the length of the feeding

gap were varied to see their effect on the antenna impedance. In all cases,

the width of the feeding gap is equal to that of the antenna. For the study,

the length of the antenna is varied from 20 to 80 mm with 10-mm steps,

and the width is varied from 20 to 40 mm with 5-mm steps. Values for the

feeding gap were considered from 0.25 to 1.5 mm with 0.25-mm steps.

Based on the studies, an 80×40 mm2 antenna (length×width) with a

0.5-mm long feed gap appeared to provide a suitable compromise in terms

of impedance with respect to the three diodes studied. The overall area

of the transponder is roughly comparable to the direct-matched case (for

that transponder, the substrate area is 80×35 mm2), but here the actual

antenna area is larger. The transponder of Figure 2.10(a) is implemented

on a 0.79-mm thick FR-4 substrate (εr = 4.4).

For the antenna of Figure 2.10(a), the impedance at 1 and 2 GHz is

Za,f0 = 4.5 − j8Ω and Za,2f0 = 21.3 + j89Ω, respectively. When compar-

ing these values to the diode impedances of Table 2.2, it is clear that the
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Figure 2.10. (a) Illustration of the lumped-component based transponder, and the match-
ing circuits used with (b) SMV2019, (c) SMV1231, and (d) HMPS-2820
diodes. Rectangle colours in (a) correspond to component colours in (b)–(d).
Taken from [IV] ( c© 2017 IEEE).

impedance mismatch between the antenna and diode is so significant that

either one or both of the f0 and 2f0 frequencies will be detuned from the

intended value. As was observed previously, especially mismatch at the

fundamental frequency is detrimental for the operation of the transpon-

der.

2.4.3 Matching circuit design

To create the necessary operating frequencies for the transponder, a match-

ing circuit is connected between the diode and the antenna. The initial

design consideration is to use matching circuits with as low number of

components as possible with the different diodes. This is done to reduce

the overall complexity of the design, and also to achieve lower losses. Of

course, the exact amount of losses depends on the initial impedance mis-

match between the antenna and diode, and also on the values of individ-

ual components and their position within the circuit.

For designing the matching circuits, Optenni Lab [52] and AWR [53]

are used to determine suitable matching circuit topologies and component

values. In the initial stage, the circuits are implemented with ideal induc-

41



Harmonic Radar and Transponders

Frequency (GHz)

R
ef

le
ct

io
n

co
ef

fi
ci

en
t

(d
B

)

0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

-15

-10

-5

0

2.5
SMV2019

SMV1231

HMPS-2820

Reference

Figure 2.11. Simulated impedance matching of the matching-circuit based transponder
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tances and capacitances. Final implementations are based on realistic in-

ductor and capacitor models available from Murata [54], and 0603-sized

components from the LQW18 and GQM18 series are used. The design

also takes into account the effect of mounting the components on the an-

tenna, and the simulation model also features a pad network of realistic

dimensions, to which the various components are placed.

The final matching circuit implementations for the transponders based

on different diodes are illustrated in Figure 2.10(b)-(d). For the designs

implemented using the varactor diodes (SMV2019 and SMV1231), the

matching circuits have two and three circuit components, respectively.

Different numbers of components were also considered, but the proposed

designs provide a sufficient compromise in terms of achieved matching

level and design complexity. For the HMPS-2820 detector diode, the con-

trast between antenna and diode impedances is greater than with the

varactors, meaning that a larger number of components — in this case,

four — is needed to achieve a proper matching performance.

2.4.4 Performance of the transponders

Figure 2.11 presents the impedance matching obtained in simulations

with the different matching-circuit based transponder implementations.

In all three cases, quite good matching levels can be achieved, and espe-

cially at the intended f0 frequency, the resonance remains quite consis-

tent with the different diodes. At the second harmonic frequency, around

2 GHz, the different cases have more significant variance in both match-

ing levels and bandwidths.

All three proposed transponders were manufactured, and their opera-
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Figure 2.12. Calculated and measured harmonic response of the matching-circuit based
transponders with the different diodes. Taken from [IV] ( c© 2017 IEEE).

Table 2.3. Simulated diode and matching circuit losses of the matching-circuit based
transponders at f0 = 1 and 2f0 = 2 GHz. Taken from [IV] ( c© 2017 IEEE).

Case Lcomp, f0 (dB) Lcomp,2f0 (dB)

Reference 0.53 0.57

SMV2019 4.5 0.45

SMV1231 3.2 0.11

HMPS-2820 7.1 0.85

tion was investigated using the same measurement set-up as in [I]. The

resulting harmonic response results, both simulated and measured ones,

are depicted in Figure 2.12. For comparison, the performance of the ref-

erence direct-matched transponder of [I] is also given. In this case, the

distance from the transponder to the Tx and Rx was 2 m, both in calcula-

tions and in the measurements. The actually measured transponder re-

sponses in Figure 2.12 show that each of the three transponders is able to

generate a clearly distinguishable response, but the results vary in terms

of operating frequency and response level from the calculated ones

Table 2.3 gives the calculated losses in the matching circuit components

at f0 = 1GHz and 2f0 = 2GHz for the different cases. When compar-

ing the mutual order of the harmonic response curves at f0, the results

show that with higher losses at this frequency, the achievable response
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decreases. It should be emphasised that the losses are calculated for a

specific frequency pair, which does not necessarily correlate with, e.g., the

frequencies giving the largest response for a certain case. A general obser-

vation on the results of Table 2.3 and Figure 2.12 is that the more complex

the needed matching circuit is, the higher typically are the losses. In this

case, though, the circuit topology and original contrast in antenna and

diode impedances contribute to the overall losses, which helps to explain

why, e.g., the two-component matching circuit of the SMV2019 diode has

more losses at f0 than the three-component one of the SMV1231 case.

One major source for the observed differences in the performance is the

quality of the achieved matching, and also the exact frequencies at which

the implemented matching circuits actually provide the resonances. The

curves of Figure 2.12 show that the harmonic response of the designs with

varactors are tuned upwards from the predicted values, and the detector-

based one is tuned downwards. This indicates that the values of some of

the components used in the matching circuits should be changed.

For this purpose, it would be interesting to study in greater detail the

actual matching characteristics of the matching-circuit based transpon-

ders in a similar way as was done in [55] for the direct-matched design

of [I]. For that antenna, the agreement between simulated and measured

matching curves is good. This is somewhat expected, as the operating

frequencies are largely determined by the antenna, whose performance

matches that predicted by the simulations, as is evident from studies

made on a similar antenna in [II]. The operation of the transponders

of [IV] significantly depends on the matching circuits. This means that

to improve or tune the matching characteristics, the values of particular

circuit components need to be altered (in practice, iterated), and the effect

of these changes on the transponder response need to be measured.

2.5 Comparison of different transponder implementations

The previous sections have presented and investigated two different tech-

niques of implementing a harmonic transponder operating at desired f0

and 2f0 frequencies. When comparing the direct-matched designs of Sec-

tion 2.3 and the transponders implemented with external matching cir-

cuits in Section 2.4, a number of observations can be made.

Utilising an external matching circuit for creating the harmonic operat-

ing frequencies makes designing the antenna easier, as obtaining proper
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matching to a complex, frequency-dependent load impedance does not

have to be implemented through modifying the antenna geometry. In this

case, the same antenna design can be applied to different diodes, as pre-

sented in [IV]. The chosen dimensions are a compromise between the

properties of the three diodes used in the study, and are not really ideal

for any individual diode. In practice, one might consider choosing a set

of dimensions feasible for whatever diode is selected, in order to simplify

both the matching circuit and the overall complexity of the design.

The main drawback of the transponders based on matching circuits is

the challenge of verifying the quality of the matching of the assembled

design. By measuring the transponder response using the intermodula-

tion technique presented in [55], the reflection coefficient can be obtained,

but this result does not directly reveal, which of the components should

be changed and to what direction if the response is not what is expected.

One solution could be to arrange a place to connect a measurement cable

for a wired measurement.

Compared to this, the transponders based on direct matching are more

challenging to implement due to geometric intricacies, and are not that

well suited for switching to different diodes. On the other hand, they are

closer in design to typical RFID tags that often just feature an antenna

connected to an RFID chip. The requirements of a particular application,

e.g., constraints on transponder size, shape and weight, largely determine

which of the two matching approaches suits better to a specific design.

Considering the overall design, both of the transponders have used a

single antenna — which in the direct-matched case is composed of sev-

eral physically-separated, electrically-coupled parts. This approach is the

most commonly used one in harmonic radar applications. In some works,

such as [33, 56], separate patch antennas are used for the fundamental

and harmonic frequencies, although both are connected and matched to

the same diode. Compared to a single-antenna case, this approach in-

creases the overall size of the design, even though it may be beneficial for

matching the antennas.

One of the main benefits of using harmonic instead of linear radar is

increased tolerance against environmental clutter. To improve the accu-

racy of the transponders, the use of two orthogonally-polarised antennas

to transmit the signal back at 2f0 has been suggested in [57]. In this

case, sensor information can be encoded in the amplitude and/or phase

difference of the two branches.
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3. Conformal Transponder and Handset
Antennas

This chapter investigates the design and performance of antennas that

are intended to take a particular, conformal shape. For this kind of appli-

cation, it is important to consider the intended shape of the antenna, both

in cases with fixed, conformal surfaces, and in cases where the shape of

the design can change in the intended usage case.

Section 3.1 describes general aspects related to conformal antennas, in-

cluding example applications and possible requirements on the antennas

set by the conformity. The suitability of the direct-matched harmonic

transponder of the previous chapter for conformal sensing applications is

investigated in Section 3.2. Analysis and modelling of antennas for bend-

able handsets is performed in Section 3.3, which describes an equivalent

circuit model used to characterise the effects of bending. The operation

of such handsets is considered in both varying and fixed bending cases.

Section 3.4 looks at practical issues in implementing bendable handsets.

3.1 Preliminaries on conformal antennas

In many applications, a conformal antenna shape may be desired or even

required. Examples of fields benefiting from the use of antennas that

conform to their surroundings are aerospace and space applications, and

cases where the antennas are mounted on non-planar surfaces of various

vehicles [58–61]. For the framework of the upcoming 5G communications

and its significantly increasing number of connected devices and base sta-

tions, conformal antenna solutions have been suggested for use in various

wearable, mobile, and home devices [62], and also for integrating anten-

nas or antenna arrays in the built environment [63]. Depending on the

type and implementations, antennas may in these cases occupy a variety

of different shapes. The shape can be, e.g., paraboloidal (such as in the
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reflector antennas in radio telescopes), conical (as in antennas mounted

on the nose cone of an aeroplane), or the elliptical or (hemi)spherical ge-

ometries used in many lens antennas.

Another set of particular shapes or forms arises if the antenna has to

follow the contours of an object, onto which it is to be positioned. In many

cases, these would be cylindrical or spherical shapes and surfaces. As an

antenna design problem, such ’exotic’ shapes might not be a significant

issue, as long as the features can be taken into account during the de-

sign process. On the other hand, situations in which the antenna should

adapt to dynamic changes in shape during its use are significantly more

involved, and they are also the main focus of the following sections.

Making the shape of an antenna conformal introduces changes in both

its operation and various parameters, such as input matching, and conse-

quently also the impedance bandwidth [64, 65]. The directive properties

of the antenna can also change, and in the case of, e.g., conformal antenna

arrays, the three-dimensional, conformal shape may complicate predict-

ing the gain of such designs [58]. On a general level, the exact nature of

the effects is affected by a number of different parameters, such as:

1. Operating frequency.

2. Amount of conformity (how much the shape changes with respect to

the “natural” antenna shape).

3. Distribution of conformity along the shape of the antenna.

In certain cases, also other differentiating factors may apply. The first

point applies to, e.g., handset antennas, with which at frequencies below

1 GHz the majority of the radiation is caused by the chassis rather than

the antenna elements [66]. At higher frequencies, the relative contribu-

tion of the elements increases, and effects of changing the shape of the

device can vary at different frequencies (see Section 3.3). On the other

hand, the way in which a conformal shape is applied with respect to the

device structure also has an impact on the effects, depending on whether

the structure is bent evenly and symmetrically, or whether some parts are

subject to more bending than others.
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3.2 Conformal antennas for wireless sensing applications

In the previous chapter, an extensive amount of work was performed on

characterisation of harmonic transponders. All those cases did not, how-

ever, accurately take into account the effect of the surroundings. Experi-

mental verification of the proposed transponders took place in an anechoic

chamber, with the transponders mounted on a Styrofoam platform. More

realistic operating conditions feature harmonic transponders and other

wireless sensors that are situated in the vicinity of an object or surface,

which is the typical usage case of conventional RFID tags as well. Proper-

ties of the object as well as its material parameters affect the performance

of the sensor, usually by detuning the antenna response to lower frequen-

cies. For this reason, the effect of different materials or environments on

sensor performance should be considered during the implementation to

obtain a well-performing and sufficiently robust design.

On the other hand, if the performance of the transponder is strongly af-

fected by environmental effects, it could be possible to use the transponder

to sense some external parameter or quantity. This aspect is investigated

in [V]. Possibilities of using RFID systems for sensing purposes have been

studied in, e.g., [67, 68] in which impedance variations caused by bend-

ing the transducer phase modulates the backscattered signal, thereby en-

abling a strain sensor based on RFID technology. The work of [56] consid-

ers applying a harmonic RFID (transponder) for humidity sensing.

Two different environmental effects or modifications to the transponder

are considered in [V]. Firstly, changes in the impedance matching and

harmonic response are observed when the transponder is placed close to

an object with varying dielectric constant. The dimensions of the object

are 80×160×10 mm3 (width×length×thickness), which are ’large’ com-

pared to the transponder size. Secondly, different degrees of bending are

applied to the transponder both in free space and in the presence of a

cylindrical object to study the sensitivity of the transponder response in

the conformal case.

Both for the current conformal transponder case and for the handset

antennas of Section 3.3, the parameter bending radius (rb) acts as the

measure of the amount of bending applied. It represents the radius of a

cylindrical surface, about which the transponder or handset can be bent

in a given state. At lower degrees of bending, the cylindrical shape ap-

proaches a planar one, and in the planar case, rb → ∞. Current studies
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(b) (c)

(a)

Figure 3.1. Illustration of (a) the direct-matched transponder placed on a cylindrical sur-
face (PVC cylinder), (b) the tightest bending applied (rb = 30mm), and (c) the
loosest bending applied (rb = 150mm). Modified from [V]; c©EurAAP; used
with permission.

and analysis are only made with respect to dielectric materials, and trans-

ponder performance in terms of other environmental factors such as the

proximity of metal bodies is not taken into account.

In the first case, integer values for dielectric constant from 1 to 10 are

considered. Results show that with the current direct-matched transpon-

der, obtaining good impedance matching at harmonically spaced frequen-

cies becomes challenging when the dielectric constant εr ≥ 2, especially

if good matching at the fundamental frequency is desired. This perfor-

mance is partially caused by the fact that the operation of the transponder

antenna in the presence of particular dielectric materials was not consid-

ered during the design process. The effects observed in connection with

the transponder placed on the dielectric block generally resemble those of

traditional dielectric loading, a well-known concept in antenna engineer-

ing.

The second case considers the effects of bending the transponder about

a cylindrical surface and in the presence of a PVC pipe (εr = 3.19, tan δ =

0.0096). Figure 3.1 illustrates the placement of the transponder on the

cylindrical surface, as well as the highest and lowest amount of bending

applied (rb = 30mm and rb = 150mm). Additionally, an intermediate

90-mm bending radius is used.

Figure 3.2 presents the calculated harmonic response of the transponder

in the different bending cases both in free space and with the PVC pipe.

Calculations are done for the case of a 2-m distance between the trans-

ponder and Tx/Rx. For comparison, also the planar reference case from

[I] is given. Compared to the planar case, the curves show that when the

transponder is bent in free space, the frequency of strongest response de-
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Figure 3.2. Achieved harmonic response with the direct-matched transponder in differ-
ent bent cases with dielectric cylinder (dashed lines) and without dielectric
cylinder (solid lines). Taken from [V]; c©EurAAP; used with permission.

tunes upwards, and when the PVC pipe is added, the response detunes

downwards. In the bent case (either in free space or with the object), the

variance between the response levels obtained with different rb values is

quite small. The main reason is that the matching levels and resonances

at f0 and 2f0 vary less than in the presence of the dielectric block dis-

cussed previously.

Based on the results presented above for the direct-matched transpon-

der, the exact suitability of harmonic radar and transponders for the con-

sidered environmental effects remains somewhat unknown. In principle,

the current design is quite suitable for conformal operations, apart from

the used substrate material, whose thickness does not allow bending the

prototype design used in [I] and simulated in [V].

In practical implementations, environmental effects and transponder

performance in the intended application should be consider in a similar

way as with RFID tags [69–71]. Two main usage cases can be considered

for the transponder in the conformal case: either to utilise it in strain-

sensor type applications where the response depends on the shape of the

transponder, or to place the transponder on a particular curved surface

and making the antenna sensitive to some external property or quantity

(see, e.g., [72]).

For designing more realistic, conformal harmonic transponders, it is

necessary to consider the choice of substrate material in greater detail.

One option could be to use a thin, flexible FR-4 substrate, which might

provide a truly bendable design, possibly also with robustness to sustain

the repeated bending cycles and changes in shape during the operation of
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the sensor. Considering the use of truly bendable or conformal transpon-

ders for harmonic radar applications, the intended platform on which the

transponder is to be placed as well as the range of rb values across which

the device would need to be bent should be taken into account during the

design. This applies also to the type of sensing desired from the trans-

ponder, and to the changes required in the response of the transponder to

distinguish between different sensor or bending states.

3.3 Antennas for bendable mobile handsets

The following section considers antennas for future-generation bendable

handsets. A typically used antenna type in current handsets is the Capac-

itive Coupling Element (CCE) [66,73], in which an electrically small metal

body (“coupler”) is used to couple to the resonant wavemodes of the chas-

sis of the device. In traditional, resonant antenna types used in handsets,

such as inverted-L antennas (ILA) or planar inverted-F antennas (PIFA),

the desired operating frequencies are implemented by modifying the an-

tenna geometry to obtain the wanted resonances. Therefore, the antenna

size is comparable to the wavelength at the targeted frequency (typically

being of size λ/2 or λ/4).

In comparison to resonant antennas, the CCE-based antenna designs

are not inherently resonant at the target frequencies. Instead, an exter-

nal matching circuit is used to cover the desired frequency bands. The

matching-circuit based approach helps to simplify the design process by

transforming an antenna design problem largely to a circuit design prob-

lem. Instead of having to implement all different frequencies by fine-

tuning the antenna geometry, the primary design challenge becomes find-

ing a well-performing matching circuit that meets the requirements set

for the design.

Even though plenty of research has investigated various conformal an-

tennas, such as wearable antennas (e.g., [74–86]) for different radio sys-

tems as well as the effects of conformality [87–91], there are not that

many works that consider handsets featuring some flexibility in their

shape. One example of this kind of research is found in [92], where the

effects of both bending and twisting the handset are investigated using

simulations.

In the present work, publications [VI]–[VII] investigate how bending

the handset affects the antenna performance. These studies are made us-
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ing electromagnetic and circuit simulations, as well as using equivalent

circuit models to describe the operation of a CCE-based handset antenna

system. Two main approaches or implementations are considered. In the

first case, a handset with fixed dimensions is subject to different bending

states (Section 3.3.2), and in the second case, handset dimensions are var-

ied in a fixed bending state (Section 3.3.3). In the first approach, only the

free-space case is analysed, but the second case also considers the effect

of the user.

3.3.1 Equivalent circuit model for coupling-element based
handset antenna

When considering practical and commercial handset antenna designs, the

large amount of antennas, other electronics, and required frequency bands

make the design problem so complex that simulations become an invalu-

able aid. Together with measurements, they provide valuable and con-

crete information on what happens in a particular scenario, but they do

not always give a definitive answer to the question why.

One approach to answering both of the above questions is to characterise

the operation of the antenna (or indeed that of any device or system) using

a model that both takes into account the essential properties of the sys-

tem it is describing, and is still sufficiently simple to use. The equivalent

circuits used in the following are an example of such physical models, i.e.,

models that consider the underlying physical properties. Different kinds

of behavioural models can also quantitatively explain the operation of a

system, but these might not have any particular physical background.

Previous works, such as [93, 94], have shown that the performance of a

CCE-based handset antenna can be quite accurately and simply charac-

terised with an equivalent circuit model consisting of coupled series and

parallel lumped resistor, inductor, capacitor (RLC) resonators. Figure 3.3

illustrates such a model, and this particular model has been used in [VI].

The required complexity of the circuit model depends in part on what is

being modelled, and how large a frequency range is to be covered.

Based on the theory of characteristic modes [95, 96], it is known that

metal bodies can support certain inherent resonant wavemodes (so-called

characteristic modes) that can be excited above particular frequencies.

This principle is also applied in CCE-based handset antennas, in which

the (possibly small) capacitive coupler is used to couple to the chassis

wavemodes. This is true especially at low frequencies, below 1 GHz, where
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Figure 3.3. Circuit model used to characterise the operation of the CCE design. Compo-
nents in the dotted and dashed rectangles represent modifications made to
the model to represent the effects of bending on the first and second-order
chassis wavemode, respectively. Taken from [VI]; c© EurAAP; used with per-
mission.

most of the handset radiation originates from the chassis rather than the

antenna elements [66]. The way in which the characteristic wavemodes

are distributed, e.g., the location of the strongest fields or currents, can be

used to find locations for the antennas and their excitations [97–99].

Each of the wavemodes in the circuit model is represented by individual

resonators, which are connected to each other using ideal transformers.

The series RLC resonator describes the so-called monopole mode of the

coupling element itself, and the parallel RLC resonators model the chassis

wavemodes. Here, the analysis focuses on frequencies below 3 GHz, so

that two of the lowest-order chassis wavemodes are enough to describe

the operation of the antenna.

3.3.2 Handsets with fixed dimensions and varying degrees of
bending

The first case to consider is to study the effects of bending on a handset

whose dimensions (antenna element and chassis size) are fixed, and the

structure is modified by changing the amount of bending applied to the

device. This has been done in [VI], which is based on antenna designs and

research methodology introduced in [100]. All analysis and modelling in

this section are done for the free-space case only, and the effect of the user

is not considered.

Two different device sizes are considered in the study, 105×55 mm2 and

175×55 mm2 (length×width). Figure 3.4 shows the different antenna
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dimensions and locations considered (Cases 1–3), and both on- and off-

ground antennas are investigated. In addition to studying various imped-

ance and S-parameter based results with simulations, the work charac-

terises the performance and the effects of bending using equivalent circuit

modelling. The main focus is on the smaller-sized device, for which the

circuit models have been calculated.

Figure 3.5 gives the quality factor calculated from the input impedance

(Qz) of the handset antenna structures of [VI]. The Qz is calculated in

different bending cases both for the 105-mm and 175-mm chassis lengths

at 920 and 1920 MHz frequencies. Calculations have been made using

equations presented in [101]. The curves of Figure 3.5 show that changes
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in Qz are most prominent at smaller rb values, i.e., when the chassis ends

are brought closer to each other. At the two studied frequencies, the Qz

increases and decreases at 920 and 1920 MHz, respectively, with reducing

rb values.

In simplified terms, the quality factor is the measure of the capability of

a resonator to store energy. Q is proportional to the ratio of stored energy

(W ) and power dissipated (Ploss) in the antenna. This would indicate that

as the chassis is subject to tighter bending, the amount of electric and/or

magnetic energy (We or Wm) stored in the antenna near fields increases

compared to more planar cases. Due to the larger radiation contribution

of the ground plane at lower frequencies [66, 102], the more significant

effect at 920 MHz is somewhat expected. At 1920 MHz, most of the radi-

ation originates from the antenna element, the relative position of which

with respect to the chassis does not dramatically change due to bending.

Consequently, the corresponding effects are also smaller than at lower

frequencies.

Table 3.1 gives the values for the circuit elements in the monopole and

ground plane wavemode resonators that have been calculated for the pla-

nar, unbent handset. The resulting antenna impedance (resistance and

reactance) as well as the input matching with respect to 50Ω are illus-

trated in Figures 3.6 and 3.7, respectively. For comparison, also the cor-

responding results given by EM simulations are given.

In addition to the planar case, Table 3.1 also gives the element values

used in two different bending cases for the 105-mm chassis. These are

chosen to be the most extreme degree of bending, rb = 20mm, and an

in-between point at rb = 50mm, still representing a fair amount of bend-

ing. In the bent cases, the circuit element values have been optimised

numerically to match the simulations. Figure 3.7 gives the corresponding

impedance matching curves. Here, it should be emphasised that none of

these results feature a matching network, and all of the effects seen in

the curves are caused by the properties of the antenna alone.

What kind of changes or effects can take place when the handset chas-

sis is bent? Resistive, capacitive, and inductive changes may generally

occur, and also the coupling to individual chassis modes can be affected.

In the following, a physical interpretation of the observed effects is pro-

vided. The modified equivalent circuit features additional R, L, and C el-

ements parallel to the original resonators. This kind of approach is more

insightful than just modifying the original element values, as the effect of
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Table 3.1. Component values in the planar and bent cases for the equivalent circuit
shown in Figure 3.3. Modified from [VI]; c© EurAAP; used with permission.

Planar case

R L C fr Q Other

Wavemode (Ω) (nH) (pF) (GHz) components

Monopole 0.6 4.5 2.38 1.54 72 –

Ground plane 1st order 8.05 0.5 42.7 1.09 2.3 n1 = 1

Ground plane 2nd order 3.8 0.18 23.8 2.47 3.0 n2 = 1

rb = 50mm

R L C Other

Wavemode (Ω) (nH) (pF) components

Monopole – – – –

Ground plane 1st order – 2.85 7.17 n1,b = 1.29

Ground plane 2nd order – 1.79 1.64 n2,b = 0.89

rb = 20mm

R L C Other

Wavemode (Ω) (nH) (pF) components

Monopole – – – –

Ground plane 1st order – 0.3 48.2 n1,b = 2.27

Ground plane 2nd order 3.2 2.24 4.14 n2,b = 0.72

different changes on the various wavemodes may be easier to understand.

Reactive changes caused by bending affect the capacitances and induc-

tances of the circuit model. In the study of [VI], the position of the antenna

element with respect to the chassis is assumed to remain more or less the

same, and the bending effects are modelled for the chassis wavemodes

only. As the bending radius decreases, the ends of the chassis approach

each other, which introduces additional coupling between them. In the

model, this coupling is described with a capacitance (Cc1,b and Cc2,b in

Figure 3.3). Bending the chassis can also affect the surface currents and

their distribution on the chassis, and these changes in the current paths

are modelled using the Lc1,b and Lc2,b inductances of Figure 3.3. The

antenna element and chassis are assumed to be Perfect Electric Conduc-

tors (PEC) in the simulations, meaning that they have no resistive losses.

Therefore, any changes in antenna resistance due to bending relates to
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the radiation resistance.

As can be seen from the curves of Figure 3.6(b) and 3.7, bending the

handset has the most pronounced effect in the vicinity of the lowest-order

chassis wavemode (fr = 1.09GHz), whereas the changes at the second-

order wavemode are essentially negligible. This behaviour is in agree-

ment with the previously mentioned contribution of the chassis at lower

frequencies. Apart from the values of the additional components placed

in the resonators, Table 3.1 also shows the changes in the coupling coef-
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Table 3.2. Effective component values calculated from Table 3.1, which can be compared
with the planar case values. Taken from [VI]; c© EurAAP; used with permis-
sion.

rb = 50mm, effective values

Wavemode R (Ω) L (nH) C (pF) Other components

Monopole 0.6 4.5 2.38 –

Ground plane 1st order 13.4 0.71 30.0 n1,b = 1

Ground plane 2nd order 5.0 0.21 19.3 n2,b = 1

rb = 20mm, effective values

Wavemode R (Ω) L (nH) C (pF) Other components

Monopole 0.6 4.5 2.38 –

Ground plane 1st order 41.5 0.19 17.6 n1,b = 1

Ground plane 2nd order 4.63 0.43 10.5 n2,b = 1

ficient of the ideal transformers describing the coupling to the individual

wavemodes.

In order to facilitate the comparison of various bending-related effects,

Table 3.2 displays the ’effective’ component values for the different res-

onators when the coupling coefficients are scaled to 1. The effective val-

ues also show that in both bending cases, the first-order chassis wavemode

has the strongest contribution, and the additional changes in coupling and

current affect the chassis wavemode capacitances and inductances com-

pared to the planar case as can be expected from the underlying physics.

By further placing additional elements into the circuit model, it could

be possible to model also the effect of the user. However, this analysis

and modelling falls beyond the scope of this thesis, but some quantita-

tive predictions can still be made. Due to the nature of human tissue at

microwave frequencies (lossy dielectric material with low permeability),

adding the user into the model would mainly constitute additional losses

(changes in resistance), as well as changes in the resonant frequencies of

the chassis wavemodes (capacitive changes). By using additional capaci-

tances in the model, as done in [VI], the capacitive effect of the user has

been modelled in the case of a regular handset in [94]. That work did not

consider the resistive effects, as modelling them especially across wide

frequency ranges requires different, more complex models.
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In principle, similar kind of modelling could be done for resonant an-

tennas such as ILAs or PIFAs as well. For these cases, interpreting

the results may be more complicated, especially distinguishing between

changes due to the ground plane shape and those due to changes in the

antenna matching itself. In CCEs, an additional matching circuit is used

to achieve desired operating frequencies, and most of the effects seen in

the model and therefore in the antenna performance are caused by chassis

effects due to the lack of a matching circuit. By including also a match-

ing circuit, the effects of bending on the quality of the matching could be

observed also with CCE antennas.

3.3.3 Handsets with varying dimensions in a fixed bending case

After investigating the bending of a handset with fixed dimensions and

varying rb values, the next step is to study an opposite scenario. This as-

pect is considered in [VII]. Here, the bending radius is fixed to a value

that is feasible for placing the device around a model representing the

human wrist. By varying the dimensions (width and length) of the hand-

set, the effects of device size on various quantities is analysed at different

frequencies both in free space and with the user.

To study the proposed wrist-worn application, i.e., a case where the de-

vice is wrapped or rolled around the wrist of the user, a dielectric cylin-

der is used to model the human wrist. The radius of the cylinder is 28

mm, and based on anthropomorphic measurements, the resulting circum-

ference is comparable to that of an average male wrist [103]. To prop-

erly take into account the properties of user tissue, the wrist phantom

is modelled with frequency-dependent material parameters (relative per-

mittivity εr and electric conductivity σ [S/m]) according to CTIA specifica-

tions [104].

Figure 3.8 depicts the different handset widths and lengths investi-

gated, as well as the position of the handset with respect to the wrist

phantom. The length of the handset varies from 30 to 170 mm with 20-mm

increments, and the width ranges from 20 to 50 mm with 10-mm steps.

The same coupling element antenna is used in all cases, and there is a

constant 2-mm air gap between the wrist and the chassis. Antenna di-

mensions are determined in such a way that the 20-MHz instantaneous

bandwidth requirement of LTE-A systems is met in free space, and the air

gap takes into account the fact that a real device would have a casing or

enclosure between the wrist and the antenna structure.

60



Conformal Transponder and Handset Antennas

10

20

2

7

20 30 40 50 60

Antenna
element

Wrist
model

Ground
plane

30

50

70

90
110

130

150

170

(a)
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position of the handset with respect to the wrist model. Taken from [VII]; c©
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As the size of the device varies, discussion can be raised on two distinct

features in this kind of application: combined effect of shape and dielectric

tissue loading (large devices) and the effect of dielectric tissue loading

alone (small devices). This relates to the fact that the smaller the design

gets (approaching, e.g., a wrist watch), the amount of bending gets rather

negligible, and the problem reduces to “well-known” aspects of the effect of

the user, such as reduced RF power and efficiency, antenna detuning, and

changes in antenna impedance and radiation pattern (e.g., [105–109]).

An important aspect to consider, in addition to the effect of the user on

the antenna, is the effect of the antenna on the user. When human tissue

is in the vicinity of the antenna, part of the RF power is absorbed into

the tissue. This absorption is characterised by Specific Absorption Rate

(SAR, [W/kg]). For handsets to be allowed on the market, they must fulfil

the SAR limit, which is 1.6 W/kg normalised across a 1-g cubical mass of

tissue used in the USA [110], or 2 W/kg normalised across a 10-g cubical

mass of tissue applied in Europe [111]. Of these, the U.S. limit is tighter,

and the SAR results of [VII] are calculated using the 1.6-W/kg limit.

Antenna performance is studied at four frequencies: 722, 920, 2045,

and 2595 MHz, which correspond to calculated centre frequencies of par-

ticular LTE channels. In these cases, the bent handsets of different sizes

are critically matched at the centre frequency, and the symmetric –6-dB

bandwidth achieved with a two-element L-section matching circuit is cal-

culated in free space. This bandwidth is compared with that obtained

with the user, in which case also the relative resonance frequency shift is

observed. In the presence of the wrist, the radiation efficiency (ηrad) and

the SAR value are investigated as well.

Compared to the free space case, the resonance frequency mainly tunes

downwards in the considered bending state when the wrist of the user
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Figure 3.9. Simulated radiation efficiency (ηrad) as a function of chassis width and length
in the presence of the wrist model at (a) 722 MHz, (b) 920 MHz, (c) 2045 MHz,
and (d) 2595 MHz. Taken from [VII]; c© EurAAP; used with permission.

is introduced. When going from planar to bent case in free space, the

frequency tends to tune upwards. The observed downwards-tuning in

the resonance frequency in the presence of the user agrees with the per-

turbation theory, which can be used to show the effect of dielectric and

magnetic materials on the resonance frequency of wavemodes (such as

those of a handset chassis) [112]. According to this theory, the presence

of lossy dielectrics such as user tissue can only decrease the resonance

frequency [94,112].

In addition to frequency detuning, an important quantity to characterise

the handset performance in the proposed bending case is the achievable

bandwidth. Here, the bandwidth is defined with respect to the –6-dB

impedance matching level. Generally, having a good bandwidth in the

present usage case is not a problem at the highest frequencies consid-

ered (2045 and 2595 MHz) with the different chassis sizes. On the other

hand, at the frequencies below 1 GHz, bandwidth starts to become an is-

sue. Some chassis sizes do not even provide a –6-dB matching level. At the

lowest frequencies, chassis lengths in the range of 130 mm are suitable in

terms of the bandwidth.

As an example of the results, Figure 3.9 shows the obtained ηrad per-

formance with different handset sizes. At lower frequencies, where the

contribution of the chassis on the overall handset radiation is more sig-
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nificant, there is greater variety in ηrad compared to higher frequencies.

With handsets whose length is 90 to 110 mm and width 40 mm or less,

the radiation efficiency is –6 dB or worse at 722 MHz. The 920-MHz fre-

quency has two ’hot spots’ around 90 and 150-170 mm chassis length that

are problematic for the efficiency. At the two higher frequencies, the effect

of handset size causes less variance on ηrad.

In terms of the SAR values, the graphs of [VII] show that the narrow

chassis widths (20 and 30 mm) result in SAR up to 6 W/kg, which is clearly

above the 1.6-W/kg limit. This is mainly caused by field absorption occur-

ring across a relatively small surface area on the wrist. To reduce the user

exposure, the distance between antenna and wrist could be increased, or

additional antenna shielding techniques might be applied.

When analysing the different quantities investigated in [VII], it is clear

that with the chassis dimensions considered, no single combination of

width and length is simultaneously optimal for all frequencies and quan-

tities. Having a 120-mm long chassis is a reasonable compromise in terms

of bandwidth at the lower frequencies (722 and 920 MHz), and when the

width exceeds 30 mm, the frequency detuning remains moderate also with

the wrist. From the point of view of SAR, a 60×110 mm2 chassis meets

the specification at both low-band frequencies, making this size a fairly

good compromise. The main drawback is efficiency, which is from –3 to

–6 dB. In this case, the high-band performance is sufficient, apart from

the SAR values.

In light of current research, further studies are needed regarding the

practical implementability of the concept presented in [VII]. One factor

to consider is the quality of the matching as well as the exact location of

the operating bands: the critical matching at calculated centre frequen-

cies assumed in [VII] is not the best solution in terms of the multi-band

operation required by current and future communications standards. Fur-

thermore, the coexistence of the RF parts and other electronics should be

studied, as both are required in an actual product. Whether it could be

possible to truly implement the different usage scenarios considered in

[VI]–[VII] with the same device remains something of an open question.

3.4 Realising bendable handsets in practice

Even though device manufacturers have presented — at least for pro-

motional purposes — different concept designs promoting handsets with
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varying degrees of flexibility in their shape, no truly bendable mobile de-

vices have been available in the market. As was observed in the pre-

vious sections, realising this type of handsets in practice might not be

dependent on the antenna characteristics. Rather, a more likely bottle-

neck relates to other main components or systems found in the device,

such as implementing flexible electronics, battery technology, or probably

more significantly, a flexible display module. Today’s smartphones feature

a large display, and producing this with a flexible form factor has been

something of a challenge. Data storage in the flexible handset should also

be taken into account, and flexible memory solutions have recently been

reported [113].

Nevertheless, there is plenty of interest in implementing flexible or print-

able electronics [114], also for antennas and other communications ap-

plications (see, e.g., [115–119]). When considering the suitability of an

overall design, taking into account the different parts and components of

the device, also the robustness and reliability of the materials used in the

device are key issues, e.g., in terms of the number of bending or folding

cycles the structure should withstand over the lifespan of a typical hand-

set [120,121]. Development in nanotechnology-related fields can also pro-

vide important benefits for commercialising a completely new generation

of handsets, and one promising solution seems to be the use of thin, flexi-

ble, and conductive films based on, e.g., carbon nanobud technology [122].
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The antennas for bendable handsets considered in the previous chapter

provide conceptual background for implementing a whole new generation

of mobile devices. However, one important aspect that was not considered

relates to achieving the desired operating frequencies across one or more

frequency bands. More precisely, no particular attention was placed on

the matching circuits, especially the component values, needed to match

the antennas at the correct frequencies.

Current and upcoming fourth- and fifth-generation handsets feature

many different radio systems, which all require antennas for their opera-

tion. Depending on the frequency and implementation, some systems can

share the same antenna(s), thereby reducing the number of different an-

tennas and occupied space [123]. Nevertheless, achieving good matching,

efficiency, and isolation levels at the operating frequencies is of utmost

importance. With an increasing number of antennas, their proper place-

ment within the handset is important, in terms of overall operation and

good performance with the user [124].

Today’s smartphones typically have a large touchscreen display, and

compared to devices of previous generations, current devices have larger

surface area. One might think that this makes antenna placement easier,

but the devices have also become thinner. This, together with an increas-

ing number of antennas means that the available volume for individual

antennas may even have reduced. Therefore, it becomes increasingly in-

evitable to make compromises between the properties of different anten-

nas. In the scope of the current work, implementing broadband and effi-

cient antenna solutions for current and upcoming handset applications is

studied in [VIII]–[IX].

This chapter is organised as follows: Section 4.1 explains some of the

requirements and properties of multi-band and multi-antenna communi-
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cations. Sections 4.2–4.3 present two different MIMO handset antenna

designs that provide good performance with fully passive implementa-

tions.

4.1 Properties of multi-band and multi-antenna communications

The number of different radio systems in the handsets of previous gen-

erations was low. For instance, second-generation devices could feature

the low band (e.g., GSM900) and high band (GSM1800/1900/2100) and

use single-antenna communications (SISO, Single-Input, Single-Output).

The need to operate across a rather narrow range of frequencies meant

that covering the required bands with a resonant antenna was relatively

easy. Until the late 1990s, external antennas were used in GSM handsets,

and they were helical, monopole-type, or a combination of the two [125].

In comparison, the constantly increasing number of frequency bands

and radio systems also increases the number of antennas in the hand-

set. These factors make implementing resonant antennas with good ef-

ficiency and bandwidth characteristics a challenging task. Therefore, an

approach used in many of the current handsets is to utilise non-resonant

CCE antennas that use external matching circuits to match the antenna

at desired bands [66, 73]. The use of matching circuits means that an-

tenna performance is less dependent on the electrical size of the coupler,

but nevertheless, a larger antenna size is beneficial for the low-band op-

eration.

When using external matching circuits together with non-resonant el-

ements, finding a well-performing circuit topology becomes a very im-

portant issue. Apart from the different frequency bands that the an-

tennas are expected to cover, also introducing additional antennas for

MIMO communications causes challenges for co-designing the antennas

and matching circuits. When the number of antenna elements in the

handset increases because of MIMO, the inter-element distance decreases.

This causes higher mutual coupling between different antenna elements,

and additional attention must be paid to design the circuits in a way that

the isolation levels remain sufficiently high.

With MIMO communications, the increasing number of antennas typi-

cally necessitates the use of smaller radiating elements. Making the phys-

ical size of the antenna smaller is detrimental for the performance of the

antenna — especially at the low band (below 1 GHz), where the biggest
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design challenges of handset antennas are typically observed due to the

large wavelength compared to physical dimensions.

Decreasing physical and electrical size of the antenna also reduces the

achievable instantaneous bandwidth. As an example, the bandwidth re-

quired to cover the entire LTE low band is 262 MHz (698–960 MHz). Cov-

ering this frequency range instantaneously becomes impossible if the an-

tennas are made too small. In this case, a solution is to use tunable match-

ing circuits, with which only a narrow part of the required band is cov-

ered at a time. By varying the state of the tunable component, operation

across the desired frequency band can be obtained (see, e.g., [126–129]).

Typically, capacitors are used as the tunable component, and different im-

plementations based on, e.g., Complementary Metal Oxide Semiconductor

(CMOS) or MicroElectroMechanical Systems (MEMS) technology can be

applied.

Compared to fully passive designs with fixed matching circuits, intro-

ducing tunable components increases both the overall design complexity

and losses in the matching circuit [130]. In this case, the efficiency and

Q of the tunable component become important parameters to consider in

the design [131]. Additionally, the antenna impedance varies with differ-

ent usage conditions (e.g., loading caused by the hand of the user), which

can affect the power dissipated in the tuning circuit [132]. Antenna ro-

bustness against the effects of mutual coupling can increase when the

antennas are made tunable and narrowband. This improves the overall

isolation performance [124].

The LTE communication standard also includes the use of Carrier Ag-

gregation (CA) techniques [133,134]. Antennas supporting this approach

communicate using multiple narrow (20–40 MHz) Component Carriers

(CC) either within the same frequency band (intra-band CA) or over dif-

ferent frequency bands (inter-band CA). In this approach, having tunable

matching networks can be challenging due to a large number of circuit

states needed to cover all possible channel combinations. Additionally,

the losses in the tuning networks are again an issue for the efficiency.

Changing the state of a tunable component also involves some nonlineari-

ties that can generate additional frequencies that may occur at undesired

parts of the Tx or Rx band within the same or different transceiver.
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4.2 Multi-element antenna with closely-located radiators

The following section describes the design of a two-element MIMO an-

tenna that utilises multiple closely-spaced metal radiators or couplers

[VIII]. By having the radiators close to each other physically and elec-

trically, they inherently couple strongly to each other, and the antenna

performance can be improved especially at the low band using suitable

matching techniques.

4.2.1 Mutual coupling in handset antennas

Traditionally, when designing handset antennas, the designers want to

have the level of inter-element mutual coupling sufficiently low to obtain

well-performing designs in terms of, e.g., efficiency and correlation. If

the different antennas have too strong coupling between them, suitable

decoupling techniques need to be applied. Various ways to implement

antenna decoupling have been reviewed in, e.g., [135]. Many publications

have dealt with this issue, and possible decoupling techniques include:

1. Varying the spacing and orientation of the antennas.

2. Using dedicated decoupling networks.

3. Combining fully parasitic and coupled elements in the structure.

4. Using defected or modified ground planes.

5. Applying neutralisation lines between the antennas.

Challenges related to these solutions are, e.g., that they can be fairly nar-

rowband, and in some cases also bulky. The effect of the user should be

taken into account not only when designing the handset antennas but also

when implementing the decoupling structures. In some cases, making the

decoupling structure tunable can be beneficial to improve the antenna

performance with the user [136].

In the literature, there are also works that attempt to take advantage of

mutual coupling. As an example, the placement of multiple feeding ports

on a single radiating element has been investigated in [133, 137]. In this

approach, having the feeds physically connected to a single metal piece

results in a very high mutual coupling level, which, consequently, makes

designing the matching circuits very difficult [138].
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4.2.2 Utilisation of mutual coupling to improve antenna
performance

A different approach utilising the mutual coupling between radiators that

are located close to each other both physically and electrically is consid-

ered in [VIII]. In this case, the majority of the antenna elements are

positioned around the edge of the substrate, as shown in Figure 4.1. For

reasons related to both aesthetics and structural robustness, many cur-

rent handsets have a metal rim around the edge of the device. Recently,

one of the trends in antenna design has been to utilise this rim partially

or in its entirety as an antenna (see, e.g., [139,140]). One additional ben-

efit of having antennas on the outer edge of the device is the possibility to

make the antenna elements larger. This helps to improve the operation

especially at the low band. With rim-positioned antennas, the antenna

volume can be increased without making the occupied surface area un-

necessarily large.

The antenna design of [VIII] is considered for a handset with overall

dimensions of 160×80×5 mm3 (length×width×thickness), which repre-

sents a typical size for a current high-end smartphone. Initially, the fully-

symmetric antenna element consisted only of a single metal piece above

and around the substrate, with the possibility of connecting up to three

ports to it. The applied design methodology starts from the low band.

Similarly as in [133, 137], there is a clearance, i.e., metal-free area, be-

tween the antenna and chassis, but the previously-reported design only

had two ports for the low- and high-band feeds. The idea of using three

possible feed ports is to see whether it would be beneficial for the opera-

tion to use some of the ports simply to load the antenna with a lumped

component (capacitor or inductor) instead of feeding all available ports.

4.2.3 Performance improvement through asymmetry and
impedance matching

With the three-port single-element design, the mutual coupling levels be-

tween the different ports are very high, as could be expected, at around

–4 dB across the entire LTE low band. A number of matching network

alternatives were considered in Optenni Lab, but in all cases the same

fundamental problem remained: getting the input matching and mutual

coupling to a level providing sufficient bandwidth and good efficiency was

practically impossible.
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Figure 4.1. Illustration of (a) the three-element antenna structure used as the main and
diversity antenna and (b) the antennas in MIMO configuration. The pink
prism depicts the metal block used to model the display and other electronics.
Dimensions are in millimetres. Taken from [VIII]; c© EurAAP; used with
permission.

To get a better starting point for properly matching the antennas, the

single-element design is modified in two principal ways: 1) making the

open ends of the element asymmetric (different lengths) and 2) cutting a

slot around the top part of the antenna element. Suitable antenna lengths

and slot widths are determined using parametric studies in the EM simu-

lator. These modifications, combined with separating the element around

the substrate in two, result in two L-shaped and one C-shaped element

of different dimensions. Having different-sized elements means that they

have their fundamental resonances at different frequencies, which can

help to implement well-performing matching circuits. Here, the term ’fun-

damental resonance’ should be understood as the natural matching level

of the unmatched antenna, which should not be confused with operation

obtained together with actual matching circuits.

Figure 4.2 depicts the S-parameters (input matching and mutual cou-

pling) of the modified three-element antenna and embedded radiation effi-

ciency (erad) without any matching circuits. The erad quantity is calculated

from the S-parameters in the following way [7]:

erad,i = 1− |Sii|2 −
∑
i �=j

|Sij |2. (4.1)

This expression considers both the power reflected at the input of the i:th

antenna port as well as the power coupled between ports i and j.
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Figure 4.2. Simulated S-parameters and embedded radiation efficiency (erad) of the un-
matched main antenna. Taken from [VIII]; c© EurAAP; used with permis-
sion.

When looking at the S-parameter curves of Figure 4.2, one can see that

at the low band, the three antenna elements have different matching and

mutual coupling characteristics. Inherent matching levels are quite good

(e.g., S33 < −6dB across the LTE low band), but the high level of mutual

coupling keeps the efficiency low (around 20–40 %). To achieve good and

efficient performance, matching circuits are designed using Optenni Lab.

The corner-fed, L-shaped antennas are considered for the low-band op-

eration, and element 1 is chosen as the low-band antenna. The low band

was implemented using the low-pass type circuit of Figure 4.3(a). The

other corner-fed antenna, element 2, is chosen for high-band operation,

and it is matched with the high-pass type network of Figure 4.3(b). The

third, C-shaped element is not excited, and it is connected to the chassis

through a grounding inductor, as shown in Figure 4.3(c). When deter-

mining suitable circuit topologies and component values for the matching

circuits, both circuits were optimised together to achieve good matching

at the desired passband and as perfect a mismatch as possible at the tar-

geted stopband. Having one element matched and the other one mis-

matched at a given band reduces the mutual coupling between different
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Figure 4.3. Matching circuits used in (a) Ports 1 and 4, (b) Ports 2 and 5, and (c) Ports
3 and 6 of the main and diversity antennas of Figure 4.1. Component val-
ues are those of actual Murata capacitors and inductors, and the values in
parentheses are those used originally with the main antenna alone. Taken
from [VIII]; c© EurAAP; used with permission.

antennas and results in more power being radiated by the antenna, i.e.,

in higher efficiency.

All circuits used in the antenna of [VIII] are implemented with GQM18

and LQW18 series capacitors and inductors from Murata, based on S-

parameter based component models available from the manufacturer. Al-

though the antenna structure explained above has three, physically sep-

arate radiators, the analysis of its performance is more straightforward if

this structure is considered as a single ’unit’. Subsequently, this unit is

called the main antenna.

4.2.4 SISO and MIMO performance of the proposed antenna

The performance of the antenna concept proposed in [VIII] is investigated

in three cases: 1) SISO case, 2) MIMO case, and 3) MIMO case in the pres-

ence of a large metal block. Figure 4.1 visualises these different cases. In

the SISO case, only the main antenna is present in the structure (single-

ended design), and the MIMO case is obtained by duplicating the main

antenna to the opposite end of the handset (double-ended design).

In the second MIMO case, the suitability of the proposed antenna is con-

sidered from the point of view of including a simplified model of the dis-

play and other electronics found within the device. As all of the antennas

are located around the edge of the device, they form an enclosure, within

which all other components should in practice be placed. Figures 4.4 and

4.5 illustrate the matching and efficiency performance of the SISO and

MIMO cases, respectively.

As the curves of Figure 4.4 show, the proposed main antenna can in-

stantaneously cover the LTE low band with a matching level better than

–6 dB. In the high-band case, the matching is better than –4 dB. This does

not quite meet the traditional –6-dB condition, but the main focus in the
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Figure 4.4. Simulated S-parameters and embedded radiation efficiency (erad) of the main
antenna with the matching circuits. Taken from [VIII]; c© EurAAP; used
with permission.

design was placed on the low band and on getting as good an overall effi-

ciency across the low and high bands as possible. Generally, emphasising

the efficiency rather than matching is done also in many commercial an-

tenna designs [130]. At the low and high bands, the erad performance is

better than 80 % and 60 %, respectively.

Figure 4.5 depicts the S-parameter and embedded radiation efficiency

performance in the two-element MIMO case, when similar main and di-

versity antennas are used in opposite ends of the device. When going from

single to multi-antenna case, the resulting main and diversity antennas

are aligned symmetrically. This kind of antenna orientation has been

found to be beneficial for the isolation [140]. Both antennas use similar

matching circuit topologies as in the single-ended case, but some indi-

vidual circuit element values are changed, as indicated by the values in

Figure 4.3. The circuits are fine-tuned to get the MIMO antenna matching

and mutual coupling performance closer to that of the SISO case.

Comparison of the results of Figures 4.4 and 4.5 reveals that the most

significant change in performance occurs in the low-band efficiency. Its

value drops from above 80 % in the single-ended case to around 60 % at
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Figure 4.5. Simulated S-parameters and embedded radiation efficiency (erad) of the main
and diversity antennas in the two-element MIMO case without the metal
block. Taken from [VIII]; c© EurAAP; used with permission.

best in the MIMO case. The worst low-band mutual coupling is around

–4 dB, which is problematic for practical MIMO implementations. These

observed effects are chassis-related, as the main and diversity antennas

share the same chassis.

In the second MIMO case, a large metal block is placed on the chassis

to model the other electronics of the device. The block, shown in Fig-

ure 4.1(b), has dimensions that represent a worst-case scenario in terms

of potential display size and overall device thickness. The metal block has

the most detrimental effect on the antenna performance at the high band,

where the minimum efficiency decreases from 60 % to 40 % when the block

is introduced. This is mainly caused by additional coupling between the

high-band antennas occurring across the block. Having additional metal

near the antennas does not therefore destroy the overall feasibility of the

antenna concept, and its effects can most likely be largely compensated

by considering a sufficiently realistic handset model when designing both

the antennas and the matching circuits.
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4.3 Physical antenna diversity in MIMO handsets

The MIMO antenna proposed in [VIII] utilises perhaps the simplest pos-

sible approach to implement multi-antenna functionality: copying simi-

lar antennas to different parts of the handset. Even though this is an

often-used approach, it has also some drawbacks. One main issue is that

with similar antennas, also their radiation patterns resemble each other.

This in part decreases the benefit of using antenna diversity techniques in

MIMO communications. In the following, quantities and parameters used

to characterise MIMO performance in the handset are described, and a

multi-antenna implementation presented in [IX] utilising physically dif-

ferent antennas for enhanced performance is analysed.

4.3.1 Characterisation of multi-element handset antennas

The use of multi-element antennas in actual multi-antenna applications

requires considering particular parameters or metrics, such as channel

capacity, envelope correlation coefficient (ECC), diversity gain, and mul-

tiplexing efficiency (η̃mux). Depending on the signal-to-noise ratio (SNR)

of the communication environment, MIMO can be used either in diversity

or in spatial multiplexing mode [141,142]. In the diversity case, typically

used in low-SNR environments, some of the fading effects can be remedied

through the use of several antennas, and thus the quality of the commu-

nication link improves. Spatial multiplexing is the preferred technique in

high-SNR environments, with the main purpose being the enhancement

of the data rate.

In the scope of this work, including that of [IX], the main MIMO pa-

rameters considered are envelope correlation [7, 143] and multiplexing

efficiency [144]. The ECC describes how similar (i.e., correlated) the radi-

ation patterns of two antennas are, and its values range from zero (com-

pletely uncorrelated antennas) to one (completely correlated antennas).

Typically, an ECC value of ρe < 0.5 is desired in practical implementa-

tions for efficient utilisation of diversity techniques.

The most general way of calculating the envelope correlation is to use

antenna field patterns obtained either from simulations or measurements.

In terms of computational workload, the fields-based approach is cumber-

some especially across wide frequency ranges, but the results are valid

for any antenna. An alternative technique is to calculate the ECC from

S-parameters [145]. This method is fast and simple, but it is strictly valid
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for lossless antennas. For antennas with high efficiency (and low losses),

the S-parameter approach is a reasonable approximation [146, 147]. For

antennas with higher losses, the S-parameter based results typically pro-

vide over-optimistic ρe values especially at the low band.

Multiplexing efficiency characterises the degradation in SNR of anten-

nas with particular efficiency, efficiency imbalance, and correlation in a

given multi-antenna scenario compared to ideal MIMO antennas [144,

148]. Computationally, it is a rather simple metric that allows the de-

signer to take into account the most significant properties when designing

a well-performing MIMO system. The analysis of this work only investi-

gates the free-space case, but more detailed scenarios should also consider

the MIMO performance in the presence of the user [149].

4.3.2 Parasitic-coupled aperture-matched main antenna

The previously described three-element design for the main and diver-

sity antennas provides good performance, but it also has some challenges

related to its implementation. With separate low- and high-band feeds,

eight matching components are needed per antenna, and the requirement

of two feeds also complicates the design of the RF front-end needed to

drive the antennas. Additionally, the identical main and diversity anten-

nas of [VIII] result in very high ECC values at the low band, with ρe up to

0.9 in the worst case.

For these reasons, the work of [IX] studies alternative, possibly more

straightforward ways of implementing an antenna with comparable per-

formance. Designing the antenna (subsequently called the main antenna)

is done by co-optimising antenna geometry and the matching circuits in

CST and Optenni Lab. As the design goal, an embedded radiation effi-

ciency better than 80 % was required at the low band (698–960 MHz) and

better than 60 % at the high band. The matching circuits were allowed to

have at most four components per antenna element.

Figure 4.6 shows the dimensions and details of the optimised main an-

tenna, and Figure 4.7 gives the matching circuits used. The best perfor-

mance in terms of efficiency and impedance matching was achieved when

the I-shaped metal strip located above the substrate is fully parasitic,

and only one of the L-shaped corner elements is fed. The other L-shaped

element is coupled to the chassis using an aperture-matching inductor.

With this approach, the main antenna instantaneously covers the LTE

low band with a matching level of –4 dB, and the total efficiency is better
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Figure 4.6. Illustration and dimensions of (a) the Combined Parasitic-coupled Aperture-
Matched (CPAM) main antenna and the CCE diversity antenna and (b) close-
up of the CPAM antenna highlighting the different parts of the structure. All
dimensions are in millimetres. Modified from [IX] (reproduced courtesy of
The Electromagnetics Academy).
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Figure 4.7. Matching circuits used in the main and diversity antennas both in simu-
lations and measurements. Component values are those of actual Murata
capacitors and inductors. Taken from [IX] (reproduced courtesy of The Elec-
tromagnetics Academy).

than –4 dB at both the low and high band (see Figures 4.8 and 4.9). Due to

geometrical details, the main antenna of [IX] is referred to as a Combined

Parasitic-coupled Aperture-Matched (CPAM) antenna.

4.3.3 Capacitive coupling element diversity antenna

To study the possible benefit of having different main and diversity an-

tennas in the handset, the diversity antenna of [IX] is implemented us-

ing a more conventional approach. The symmetric nature of the ground

clearances around the handset (see Figure 4.6) leaves a 80×7 mm2 area in

which to position the diversity antenna in the opposite end of the device.

Figure 4.6 illustrates the diversity antenna, for which a typical CCE

design is used. It is well known that the performance of small handset
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Figure 4.8. Impedance matching and mutual coupling of the main and diversity anten-
nas in the two-element MIMO case. Port 1 = main antenna and Port 2 =
diversity antenna. Taken from [IX] (reproduced courtesy of The Electromag-
netics Academy).

antennas at the lowest operating frequencies benefits from increased an-

tenna size. For this reason, the available volume is used efficiently, and

the coupling element is made both as large and as simple as possible.

The design workflow of the diversity antenna follows a process pre-

sented in [150]. In this approach, the low-band operation is considered

first, and here, the performance improves when the antenna volume is

maximised. To achieve good operation at the high band, a high-pass type

matching network is needed (shown in Figure 4.7). Four matching compo-

nents provide good performance also at the low band. For enhanced high-

band performance, the feeding pin of the diversity antenna is tapered into

a triangular shape.

Compared to the CPAM main antenna, the coupling-element based di-

versity antenna has similar bandwidth and matching level at the low

band, as shown in Figure 4.8. At the high band, the diversity antenna

has better overall matching performance. In [IX], both the CPAM and

CCE antenna are designed with the goal of emphasising efficiency rather

than matching. From this point of view, the obtained designs are good and

suitably simple.

4.3.4 Multi-antenna performance

A prototype of the two-element design of Figure 4.6 is manufactured to

experimentally verify the operation. Figure 4.8 shows the simulated and

measured S-parameters of the two-element antenna. The results show

that especially at the low band, the simulated and measured input match-

ing of the main and diversity antennas are in very good agreement. At
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Figure 4.9. Simulated ηrad and simulated and measured ηtot of the main and diversity
antennas in the MIMO case. Taken from [IX] (reproduced courtesy of The
Electromagnetics Academy).

the high band, there are larger differences, which are mainly caused by

the sensitivity of the main antenna to the position of the parasitic cou-

pler. In the case of the diversity antenna, the challenges in connecting the

antenna element to the chassis provide a source of inaccuracy and uncer-

tainty compared to the simulations. The measured low-band mutual cou-

pling is better than –10 dB, which is a sufficient level for practical MIMO

implementations. In simulations, the mutual coupling of the antenna of

[IX] is better than that of [VIII]. At the high band, antenna coupling is

not an issue either in simulations or measurements.

Figure 4.9 presents the efficiency of the main and diversity antennas in

the two-element MIMO case. Only simulated ηrad values are given, but

the ηtot values are also measured. Including the second antenna to the

handset reduces the low-band total efficiency of the diversity antenna ap-

proximately 1 dB, and the efficiency of the main antenna decreases more.

The reduction in efficiency is partially caused by the decrease in ηrad re-

lated to the mutual coupling. In the high-band case, the total efficiency

is mainly affected by the matching, as the high-band radiation efficiency

does not change considerably when adding the second antenna.

The efficiency achieved with the antenna of [IX] can be compared to

other MIMO designs presented in recent literature, such as [126,140,151,

152]. The work of [151] features a four-element MIMO implementation

at the low band without tunable matching circuits, but there is no high-

band MIMO. In [152], both low- and high-band MIMO are considered,

but the low band starts from 750 MHz, whereas the design of [IX] covers
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Figure 4.10. Envelope correlation coefficient (ECC) and multiplexing efficiency (η̃mux)

performance of the MIMO antenna system of [IX]. The MIMO performance
is determined from both simulation and measurement results. Taken from
[IX] (reproduced courtesy of The Electromagnetics Academy).

also the 700-MHz band. Low- and high-band MIMO are implemented

with tunable matching circuits or switches in [126, 140], and even with

tuning, the MIMO design of [140] does not operate at the most challenging

LTE low-band frequencies. In light of this, the efficiency performance of

[IX] is good, especially when considering that the matching levels are not

the most optimal ones. Generally, the design of [IX] stands out from the

literature by having both low- and high-band MIMO starting from 700

MHz with fully passive matching circuits. This makes it very suitable,

e.g., for CA applications.

For the MIMO characteristics of the antenna in [IX], the envelope corre-

lation and multiplexing efficiency are determined both from simulations

and measurements. Here, ECC is calculated from the field patterns. Fig-

ure 4.10 presents the ECC and η̃mux results. The simulated ECC is quite

high at the low band, and it falls below the typical requirement at around

850 MHz. At the high band, the correlation values meet the requirements.

Using the field-based ECC calculations, the low-band performance repre-

sents typical values, as the main and diversity antennas have quite simi-

lar radiation patterns (even though they are physically different).

In order to make the design of [IX] more suitable for practical MIMO

applications, the low-band ECC value should be reduced. This can be

achieved using a number of different techniques, such as utilising anten-

nas with orthogonal radiation patterns. Ways of achieving this include the

use of electric and magnetic antennas, and suitable excitation of orthog-
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onal characteristic modes of the chassis [153]. Other possible solutions

include the use of various decoupling slot designs or common radiators be-

tween the antennas to control the isolation and ECC (see, e.g., [154,155]).

For the case of tunable antennas, a tunable coupling capacitor is sug-

gested in [156] to achieve a similar kind of effect.

Of the previous approaches, the decoupling-based ones may be bulky

and narrowband, which can limit their ability to provide proper ECC

performance, e.g., across the entire LTE low band. On the other hand,

solutions based on the inherent orthogonality would seem a proper ap-

proach. In this case, and indeed with all of the decoupling methods, the

coexistence of the low and high-band antennas should be kept in mind.

Attempting to aim for a very low LB ECC value can pose some challenges

for the operation of the antennas meant for higher frequencies, forcing

the designer to sacrifice the performance of the device somewhere.

The average η̃mux of the design in [IX] is from –5 to –7 dB in simulations

and measurements at the low band, and at the high band, simulated and

measured η̃mux values are from –2 to –3 dB and –4 dB, respectively. These

values are comparable to, and in the low-band case, even better than those

of the state-of-the-art antenna design in [126].

Based on the expression found in [144], the multiplexing efficiency per-

formance essentially converges to the mean of the antenna efficiencies (in

dB scale), and the antenna with lower efficiency has the most significant

contribution to the overall η̃mux. One way forward to improve the η̃mux per-

formance of the current antenna would be to have better matching level.

However, this can increase the coupling between the main and diversity

antennas and also be detrimental for the envelope correlation.
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5. Summary of Publications

Publication I: “On Design and Evaluation of Harmonic
Transponders”

Theoretical and experimental studies are performed on a harmonic trans-

ponder operating at frequencies 1 and 2 GHz. Using an equivalent circuit

model, the performance of the transponder can be accurately predicted,

and general figures of merit are derived to characterise the suitability of

particular antennas and diodes for specific transponder implementations.

The designed transponder shows a read-out range of at least 5 m in exper-

iments.

Publication II:“Antenna Matching at Harmonic Frequencies to
Complex Load Impedance”

This work describes the design of a direct-matched, self-resonant trans-

ponder antenna to a complex, frequency-dependent load impedance typi-

cal in harmonic radar applications. The design workflow and the contri-

bution of different antenna parts are explained. In order to reliably char-

acterise the two resonances at desired frequencies, the use of a proper

normalisation impedance is crucial.

Publication III: “Harmonic Transponders: Performance and
Challenges”

In this publication, the performance of a self-resonant, direct-matched

transponder antenna is investigated theoretically using altogether six dif-

ferent varactor and detector diodes. The results of the work show that



Summary of Publications

for this type of antenna, having a significant impedance mismatch be-

tween the antenna and the diode especially at the fundamental frequency

is detrimental for the transponder performance.

Publication IV: “Designing Harmonic Transponders Using
Lumped-Component Matching Circuits”

This work presents harmonic transponder designs using lumped-compo-

nent matching circuits instead of direct matching. The proposed approach

considerably simplifies the antenna design process, and the same antenna

geometry can be used with different diodes by varying the matching cir-

cuit. Theoretical and experimental studies are performed, and the agree-

ment between the results is good.

Publication V: “Effect of Shape and Surroundings on Harmonic
Transponder Performance”

The sensitivity of a direct-matched harmonic transponder to environmen-

tal effects is investigated in two cases: having a dielectric object in the

vicinity of the transponder, and bending the transponder about a cylindri-

cal surface with and without an object. The results show that the proposed

transponder is not very well suited for operation with the dielectric object,

but the transponder concept has potential to be used for strain or other

conformal sensing applications.

Publication VI: “Effect of Ground Plane Bending on Mobile Terminal
Antenna Performance”

Operation of a CCE handset antenna is studied using computer simula-

tions and a resonator-based equivalent circuit model in a case when the

chassis is subject to bending. The results demonstrate that compared

to the planar case, resistive, capacitive, and inductive changes can take

place, and that the most significant effects of bending occur at frequen-

cies below 1 GHz, where the chassis has a large contribution to the overall

handset radiation.
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Publication VII: “Investigation on Bendable Mobile Devices in the
Presence of the User”

This work investigates the performance of a CCE handset antenna in

wrist-worn applications. Different handset dimensions (length and width)

are considered at different frequencies and with respect to different quan-

tities, including SAR. Based on the studies, none of the considered chassis

sizes is optimal for all quantities and frequencies in this particular usage

case, but a 60-mm wide and 110-mm long chassis is a reasonable compro-

mise in most cases.

Publication VIII: “LTE Handset Antenna with Closely-Located
Radiators, Low-Band MIMO, and High Efficiency”

In this publication, an LTE MIMO handset antenna is designed using

antennas with separate metal radiators located in close proximity to each

other. Matching circuits are used to achieve good matching and isolation

performance both at the low and high bands. The antenna is studied

using simulations. In the MIMO case, the proposed main and diversity

antennas achieve up to 60 % and better than 60 % embedded radiation

efficiency at low and high band, respectively.

Publication IX: “Carrier Aggregation Compatible MIMO Antenna for
LTE Handset”

This work presents a novel main antenna design for LTE MIMO hand-

set applications. The main antenna uses a combination of parasitically-

coupled and aperture-matched elements to instantaneously cover the LTE

low band with a fixed matching network. Together with a conventional

CCE diversity antenna, the proposed design achieves good performance

both in simulations and measurements. The fully passive implementation

with both low- and high-band MIMO is compatible with the requirements

of inter- and intra-band carrier aggregation.
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6. Conclusions

This doctoral thesis has three main parts, and it studies the design and

performance of harmonic transponders, conformal antennas for wireless

sensors and bendable handsets, as well as LTE MIMO handset antennas.

The different designs are investigated using theoretical calculations, com-

puter simulations, and experimental verifications.

The wireless sensors that are investigated in the first part of the the-

sis are harmonic transponders that use harmonically separated operat-

ing frequencies at f0 and 2f0 for communicating with the reader device.

The use of different transmitting and receiving frequencies increases the

robustness of the transponders to environmental clutter. Publications [I]–

[IV] study two transponder designs implemented using different varactor

and detector diodes. In order to match the transponder antenna to the

diode at the required harmonic frequencies, both implementations based

on direct matching and external, lumped-component matching circuits

are considered. Both of the matching approaches have their benefits and

drawbacks in terms of overall design complexity and suitability for oper-

ation with diodes having significantly varying impedance levels.

In the second part of the thesis, conformal antenna designs are anal-

ysed. Publications [V]–[VII] study antennas and their performance in

future-generation, bendable handset applications, as well as the suitabil-

ity of harmonic transponders for conformal applications. Performed inves-

tigations using computer simulations and equivalent circuit models pro-

vide both improved physical understanding of the effects of bending the

handset chassis, as well as information on the performance and effect of

the user in a particular, wrist-worn scenario. Due to the significant radi-

ation contribution of the chassis at frequencies below 1 GHz, bending the

handset has the most significant effect on antenna performance at these

frequencies.



Conclusions

The final part of the thesis deals with multi-antenna (MIMO) designs for

LTE handset applications. Publications [VIII]–[IX] utilise antennas with

several closely-located and physically separated metal radiators that in-

herently have strong mutual coupling to achieve good low- and high-band

performance with suitable matching circuits. Particularly the novel Com-

bined Parasitic-coupled Aperture-Matched (CPAM) antenna used in [IX]

provides good LTE performance with a simple and fully passive matching

circuit. By placing most parts of the antenna elements around the corners

of the handset, the antenna volume can be increased without occupying

an excessively large surface area. The use of physically different main and

diversity antennas (so-called physical antenna diversity) can improve the

MIMO performance especially at the low band.

Even though the wireless sensor and handset antenna implementations

featured in this thesis contribute to solutions and requirements of cur-

rent generation communications schemes, upcoming standards and spec-

ifications for wireless communications will provide new aspects and chal-

lenges to take into account. The currently-developed and considered fifth-

generation (5G) communications will include orders of magnitude more of

basically everything: more devices and users, higher frequencies and data

rates, broader bandwidths and so on, while still supporting the ’legacy’

systems at frequencies below 6 GHz. Completely new concepts are needed

for 5G communications, also on the antenna side, to meet the require-

ments. One suggested approach is to use beam-steerable antennas with

narrow beams at millimetre-wave frequencies to provide the necessary

performance [157]. Regardless of the way chosen in future communica-

tions systems, one thing remains certain: skilled antenna and RF engi-

neers will be kept busy also in the decades to come.
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102



Errata

Publication I

Equation (4) should have a minus sign in the denominator.

Publication V

In Table I, the directivity Dmax,f0 should be replaced by the gain Gmax,f0

also for the case of a PVC cylinder.

Publication VI

In Fig. 4, the first-order ground plane wavemode resonator should read

Rc1,b instead of Rc2,b inside the dotted rectangle, and the second-order

ground plane wavemode resonator should read Cc2,b instead of Cc2 inside

the dashed rectangle.
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